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Abstract 
 
Drought stress is one of the most important abiotic stresses, which adversely effects chickpea 
(Cicer arietinum L.) production across the globe. It is responsible for substantial yield loses up 
to 50%, which led to stagnated productivity of chickpea for the past six decades. In chickpea, 
terminal drought stress leads to significant reduction in the seed yield (58-95%). The 
deleterious effects of terminal drought stress are mainly manifested as increased flower and 
pod abortion, reduced pod production, and reduced seed size. For the past 20 years, root traits 
such as deep and profuse rooting system have been proposed as a main breeding target for 
improving drought tolerance in chickpea. Due to the complexity of drought stress, traditional 
breeding approaches have been largely unsuccessful in exploiting root traits for developing 
tolerant chickpea cultivars. Drought tolerance is a complex quantitative trait, which is 
influenced by number of genetic and environmental interactions. It is mainly controlled by the 
several drought responsive genes or gene networks and shows genotypic divergence depending 
on the plant phenology. In addition, plants show genotype-, tissue- and stage-specific variations 
during their response to drought stress. Hence, understanding the physiological and genetic 
basis of drought stress in a genotype-, tissue- and stage-specific manner is essential to decipher 
the complexity of drought stress. Till date, no study was focused on deciphering the molecular 
mechanisms that underlie root and reproductive growth during drought stress in chickpea. 
Therefore, this study was designed to employ RNA-Sequencing (RNA-Seq) for investigating 
genome-wide transcriptome changes in the roots and reproductive tissues during different 
developmental stages in response to drought stress. Further, the study also investigated the role 
of drought responsive microRNAs during reproductive development. This will improve an 
overall understanding of molecular mechanisms that control root and reproductive 
development during drought stress. 
To enable the employment of RNA-Seq, two chickpea genotypes with contrasting 
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drought tolerance (ICC 8261 – drought tolerant; ICC 283 – drought sensitive) were challenged 
with drought stress. Analysis of physiological data revealed a phenotypic divergence in the 
root traits of tolerant and sensitive genotypes. Further, RNA-Seq revealed significant 
transcriptome changes in the roots of both genotypes during three stages of plant development 
(VS – Vegetative stage; RTS – Reproductive Transition stage (ICC 283/Drought 
susceptible genotype); RS – Reproductive stage). Gene enrichment and pathway analysis was 
performed to identify key molecular mechanisms that underlie phenotypical changes observed 
in the roots of both genotypes. Resulting analysis indicated a genotype- and stage-specific 
activation of gene or gene networks involved in transcriptional regulation (AP2/ERF, bHLH, 
C2C2-Dof, DREB, MYB), signal transduction (MEKK1, CPK3, PERK4, HSL2, CIPK1), ROS 
(Reactive Oxygen Species) production (RBOHD, RBOHH) and scavenging (GST, GST-L1-
like, DHAR3, PER47, PER72-like), transport facilitation (ABCB19, ABCB12-like, ABCB15-
like, ABCG22-like, PIP2-1, TIP2-2), nodulation (LYK3, CLAVATA1) and jasmonate 
biosynthesis (LOX, AOC3). Further, stage-specific activation/repression of components 
involved in phytohormone signalling such as Abscisic acid (NCED3, CYP707A3, PYL4), 
Auxin (PIN), Cytokinin (IPT5, AHP4) led us to propose a model of hormonal cross-talk that 
might lead to strong root growth during early stages and conservative root growth during 
reproductive stages in tolerant genotype during drought stress. 
 To explore the molecular basis of reproductive development in tolerant and sensitive 
genotypes, a physiological assay was performed to challenge the plants with drought stress. 
Reproductive tissues collected from five different stages (Shoot Apical Meristem – SAM; 
Flower Bud – FB; Partially Opened Flower – POF; Fully Opened Flower – FOF; Young Pod - 
YP) were used to perform RNA-Seq and analyse genome-wide transcriptome changes in both 
genotypes. Further, GO, KEGG enrichment and network analysis was performed to decipher 
the genes and gene pathways involved in reproductive growth under drought stress. The results 
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indicated genotype- and stage-specific activation and repression of multiple genes families 
involved in dynamic signal transduction (NPK1, YODA, CPK17, SUB3, SUB5, PRK1, PRK3, 
PRK4), transcriptional regulatory networks (WRKY/ERF/STZ module, ARF19, NAC029, 
PERANTHIA, CRABSCLAW), pollen development (β-fructofuranosidases, ACOS5, 
CYP703A2, CYP704B1, FAR2, ABCG26, CalS5), pod development (SWEET3, EXO) and 
circadian clock function (LHY, ELF4) that may control reproductive success during drought 
stress. Additionally, genotype-specific regulation of Auxin (AUX1, ARF2, XTH22, PID) and 
Jasmonate (LOX2.1-2, TIFY-10A, MYB21) signalling during FB and POF may positively 
regulate flower development, while ABA-dependent (NCED1, AB15, RD29B) and –
independent (DREB1A) signalling during YP might provide molecular basis to help reduce pod 
abortion in chickpea. 
 During reproductive growth, microRNAs (miRNAs) control various aspects such as 
vegetative to reproductive phase transition, meristem initiation, flower development, floral 
organ growth and seed development. However, drought induced regulation of miRNAs during 
reproductive development has never been evaluated in chickpea. To explore the miRNA 
regulation, small RNA-component was sequenced during three reproductive stages (SAM, 
POF, YP) from the same tissue that was used for transcriptome sequencing. This allowed us to 
perform integrated miRNA mRNA expression analysis to identify putative regulatory modules 
that control reproductive development under drought stress. The results indicated differential 
regulation of 287 miRNAs in treatment-, genotype- and stage-specific manner. The miRNAs 
were involved in controlling the targets related to abiotic stimulus, signal transduction, 
transport facilitation, floral organ growth (pollen and pistil development), secondary 
metabolism and phytohormone signalling pathways. Genotype- and stage-specific 
activation/repression of regulatory modules controlling transport activity (Ca-miR7716-
5p:TIP4-1, Ca-miR5227:KPNB1, Ca-miR1130:ABCG3, Ca-miR166g-5p:CHX20, Ca-
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miR8657a:ABCB21-like), reproductive transition and flower development (Ca-
miR166i:ATHB14/ATHB15/REVOLUTA, miR167d-5p:ARF6/ARF8, Ca-miR319q:TCP4-like, 
Ca-miR159c:GAMYB-like and Ca-miR172c:APETALA2/AP2-like),  floral organ growth (Ca-
miR390b:EMS1, Ca-miR39h:GRF1-like/GRF4/GRF4-like/GRF9, Ca-miR2916b-
5p:POLLENLESS3/GSL12-like) might play a critical role in reproductive success during 
drought stress. The study also identified 16 novel miRNAs that were involved in response to 
ethylene stimulus, response to abiotic stimulus, reproductive development, kinase and 
transporter activities. Finally, genotype-specific expression of two regulatory modules 
involved in ABA-dependent (Ca-miR166h-3p:ABI5) and –independent signalling (Ca-
miR2912a:CYP707A1, Ca-miR6267a:ATAF1) during YP may form the molecular basis for 
normal pod development during drought stress.  
In summary, the potential gene or gene networks identified in this study were based on 
their role in other plant species. Hence, functional analyses of candidate genes and miRNAs 
using transgenic over-expression or CRISPR-Cas9 mediated gene editing will provide a better 
understanding of their role in enhancing drought tolerance in chickpea. Furthermore, the 
candidate genes can be used in conjunction with genome-wide association study (GWAS), 
QTL mapping for rapid dissection of drought stress tolerance. Nevertheless, this study is the 
first documentation of genotype- and stage-specific transcriptome profiling of chickpea roots 
and reproductive tissues in response to drought stress using RNA-Seq. Further, expression 
profiling of miRNAs using small RNA-Seq allowed us to identify putative regulatory modules 
involved in maintaining normal reproductive development under drought stress. This will 
further aid in better understanding of complex molecular mechanisms that control drought 
stress tolerance in chickpea. 
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1 CHAPTER 1 
Literature Review 
 
This review is aimed at providing an overview of the current state of knowledge regarding 
chickpea and the adverse effects of drought stress on chickpea productivity. Firstly, the 
importance of chickpea is discussed followed by the impact of drought stress and previous 
studies related to the identification of drought related traits. Secondly, the review discusses the 
molecular basis of drought tolerance, various functional and regulatory proteins involved in 
drought stress responses as well as the role of phytohormones in drought tolerance, root and 
flower development. Thirdly, this review summarizes the role of microRNAs during drought 
stress, reproductive development as well as their role in the regulation of phytohormone 
signalling. Finally, the review focusses on previous efforts to improve drought tolerance in 
chickpea by employing molecular breeding and functional genomics. In this review, gaps in 
the current understanding of drought stress tolerance in chickpea are identified, which leads to 
the rationale for this thesis study. 
1.1 INTRODUCTION 
1.1.1 Chickpea 
Chickpea, belongs to the genus Cicer, that comprises of 43 species – 8 annuals, including the 
chickpea, and the rest perennials (Ladizinsky and Abbo, 2015). The commonly cultivated 
chickpea (Cicer arietinum Ladizinsky) is a self-pollinated, diploid (2n = 2x = 16) annual pulse 
crop with a relatively smaller genome size (~ 740 Mb) (Arumuganathan and Earle, 1991). It is 
also known as bengal gram, channa, garbanzo, cece, hommes, hamaz, nohud, lablabi, 
shimbra, katjang arab, gravanço, grão or grão de bico around the world. The cultivation of 
chickpea dates back to eighth millennium BC in current south-eastern Anatolia (Turkey) 
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(Ladizinsky and Adler, 1976). This was further substantiated by the identification of closely 
related annual species (Cicer reticulatum and Cicer echinospermum) in south-eastern Turkey 
(Maesen, 1987). 
1.1.2 Importance of chickpea 
Chickpea is valued for high nutritional quality and is good source of energy (330-450 
Kcal/100g), proteins (20-30%), carbohydrates (40%), lipids (3-9%), dietary fiber (3-13%) as 
well as other vitamins, minerals and potentially healthy phytochemicals (Wood and Grusak, 
2007). The nutritional composition of mature chickpea seeds (100 g) as outlined by the United 
States Department of Agriculture (USDA) is provided in the Table 1.1. Chickpeas are main 
source of dietary proteins in vegetarian diets, especially for the people in developing countries. 
They are known to have very low “glycemic index”, which makes them ideal food for people 
suffering with diabetes (Nestel et al., 2004). Furthermore, chickpea forms symbiotic 
association with rhizobia and increases soil fertility by fixing substantial amounts on nitrogen, 
thus playing a key role in sustainable cropping systems (Ahmad et al., 2005).  
Table 1.1 Nutritional composition of chickpea seeds 
Chickpeas (Nutritional value) (per 100 g)   
Nutrient Unit 1Value per 100 g 
Proximates   
Water g 7.68 
Energy kcal 378 
Protein g 20.47 
Total lipid (fat) g 6.04 
Carbohydrate, by difference g 62.95 
Fiber, total dietary g 12.2 
Sugars, total g 10.7 
Minerals   
Calcium, Ca mg 57 
Iron, Fe mg 4.31 
Magnesium, Mg mg 79 
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Chickpeas (Nutritional value) (per 100 g)   
Nutrient Unit 1Value per 100 g 
Phosphorus, P mg 252 
Potassium, K mg 718 
Sodium, Na mg 24 
Zinc, Zn mg 2.76 
Vitamins   
Vitamin C, total ascorbic acid mg 4 
Thiamin mg 0.477 
Riboflavin mg 0.212 
Niacin mg 1.541 
Vitamin B-6 mg 0.535 
Folate, DFE µg 557 
Vitamin B-12 µg 0 
Vitamin A, RAE µg 3 
Vitamin A, IU IU 67 
Vitamin E (alpha-tocopherol) mg 0.82 
Vitamin D (D2 + D3) µg 0 
Vitamin D IU 0 
Vitamin K (phylloquinone) µg 9 
Lipids   
Fatty acids, total saturated g 0.603 
Fatty acids, total monounsaturated g 1.377 
Fatty acids, total polyunsaturated g 2.731 
Fatty acids, total trans g 0 
Cholesterol mg 0 
SOURCE: USDA (https://ndb.nal.usda.gov/ndb/foods/show/4795) 
1.1.3 Botany: Morphology and Biology 
Chickpea plants are usually 0.2-1 m tall with a highly nodulated root system. The crop normally 
matures within one month of flowering, with the cycle varying from three to six months. It 
belongs to subfamily Faboideae of the family Fabaceae (Lersten and Gunn, 1981). The leaves 
are imparipinnate; leaflets 5−7 paired, obovate-oblong, 7−15 mm, sharp and more or less 
doubly serrate, pubescent with glandular and eglandular hairs. They have a robust root system 
that can grow up to 2 m deep. The Peduncle and pedicel are longer than petiole. Arista is 1−2.5 
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mm. Flowers are solitary, 10−12 mm, usually white or mauve. Calyx is sub-gibbous. Legume 
ellipsoid, 17−25 mm, glandular-pilose, 1−2 seeded. Seeds are ovate globular or angular, 
beaked.  Seed-coat is warty or rugose with various colors (Ladizinsky and Abbo, 2015). 
In the process of evolution, chickpea has diverged into two distinct types; small seeded 
dark colored desi and large seeded, cream colored kabuli. 70% of cultivated chickpea is desi 
type and the remaining accounts for kabuli type (Thudi et al., 2014a). The desi-type are small 
with approximately 12-20 g/100 seeds and are angular, dark-colored seeds with a rough seed-
coat (Ahmad et al., 2005). They have a distinct pink/purple coloured flowers, anthocyanin 
pigmentation with semi-erect growth pattern. Unlike desi-type, kabuli has larger ram shaped 
(25-60 g/100 seeds), light colored seeds with smooth seed coat. The flowers are white and lack 
anthocyanin pigmentation (Ahmad et al., 2005).  
1.1.4 Climatic requirements 
Chickpea is cultivated as a rain-fed cool-weather crop and requires minimal input of irrigation, 
fertilizers and pesticides (Singh, 1997). The desi-type is cultivated after cereal crops during the 
cool-season in sub-arid tropics, while kabuli-type is cultivated in temperate regions as a winter-
annual. Chickpeas are mostly used as a rotation crop, and it contributes to soil fertility by fixing 
atmospheric nitrogen (Singh, 1997). The cardinal temperatures for chickpea growth are a base 
of 4.5OC, lower optimum of 20.2OC, upper optimum of 29.3OC and a ceiling temperature of 
40OC (Soltani et al., 2006). However, chickpea transitioned from a winter to spring sowing in 
its early domestication (Abbo et al., 2008). This may have resulted in the shift of thermal 
requirements for chickpea when compared to other winter-crops such as field peas making it 
more prone to heat and drought stress (Sadras et al., 2015).  
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1.1.5 Area and production 
Chickpea, after common bean the second most important pulse crop worldwide. It has been a 
traditional crop in the Indian subcontinent, in the Middle East, the Mediterranean countries, 
and Ethiopia. In modern times, it has also become an important crop in North and South 
America and Australia (Ladizinsky and Abbo, 2015). During 2014, it was grown in more than 
54 countries and had an area of about 13.98 million ha, production of 13.73 million tons and 
productivity of 982 kg ha−1 (FAO, 2014). India is the largest producer and importer of 
chickpeas followed by Pakistan, UK, Spain, Algeria, Bangladesh, UAE and Italy. Australia is 
currently the second largest producer and exporter of chickpeas in the world (Joshi and Rao, 
2016). Taken together, the high-export potential and increasing prices will drive an increase in 
chickpea cultivation into newer regions in Australia and around the world. This will require 
new high-yielding chickpea cultivars, which can adapt to a diverse agro-ecological conditions 
and understanding the potential constraints involved in their cultivation. 
1.1.6 Constraints 
Under ideal growing conditions, the yield of chickpea was estimated at 6 tons ha-1  (Singh, 
1987), which is very high compared to current average global yield of 0.98 tons ha−1  (FAO, 
2014). The major constraints affecting chickpea production are biotic stresses such as 
Ascochyta blight (Ascochyta rabiei), Fusarium wilt (Fusarium oxysporum f. sp.ciceri), and pod 
borer (Helicoverpa armigera) and abiotic stresses such as drought, heat, cold and salinity 
(Ryan, 1997, Millan et al., 2006). The extent of yield losses caused by abiotic stresses (6.4 
million tons) are significantly higher when compared to biotic stresses (4.8 million tons) (Ryan, 
1997). Drought stress is the most important of abiotic stresses and is known to reduce crop 
yields by more than 70% across the globe (Boyer, 1982).  
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1.2 Drought in chickpea 
In chickpea, drought stress is one of the major constraints adversely affecting the production 
and yield stability in most of the chickpea growing regions around the world (Krishnamurthy 
et al., 2010). It is responsible for substantial yield loses up to 50%, which led to stagnated 
productivity of chickpea for the past six decades (Ahmad et al., 2005, Varshney et al., 2010b). 
It is estimated that global consumption of chickpea will increase to 17 million tons by 2020 
(Abate et al., 2012). Climate change is a global phenomenon with deleterious effects on 
agriculture. Predicted global temperature rise by 2.5 to 4.3oC (IPCC, 2007) will result in drastic 
changes in rainfall and exacerbate the occurrences of drought, floods and land degradation. 
Frequent occurrence of these conditions will lead to prevalence of drought with negative 
impact on crop production. Past four decades also saw a substantial shift in chickpea growing 
regions from cooler, long growing environments to warmer, short growing environments 
(Varshney et al., 2012b). In the above context, drought stress remains a big challenge to be 
addressed and there is an urgent need to develop high-yielding chickpea varieties with 
improved drought tolerance (Krishnamurthy et al., 2013). 
1.2.1 Physiological studies on drought tolerance in chickpea 
1.2.1.1 Root traits 
The plant water uptake from soil follows either an active or passive water uptake pathway 
(Hirasawa et al., 1997). Under normal conditions, the significance of active water uptake is 
less compared to passive water uptake when plants show normal transpiration levels. In 
contrast, active water uptake becomes more important during drought conditions when plants 
close the stomata to stop internal water depletion. For the past 20 years root traits, such as deep 
and profuse rooting system have been proposed as a main breeding target for improving 
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drought tolerance in chickpea (Saxena et al., 1993, Johansen et al., 1994, Krishnamurthy et al., 
1998, Kashiwagi et al., 2005) The capability of roots to absorb moisture from deeper layers of 
soil has been a physiological basis for targeting root traits. Zaman-Allah et al., (2011) identified 
the conservative water usage patterns is more critical than profuse rooting for drought tolerance 
in chickpea. Several other root related traits like root depth, root biomass and root length 
density (RLD) were identified as potential traits in chickpea for drought tolerance (Kashiwagi 
et al., 2006, Varshney et al., 2011).  
Prolific rooting during early stages of chickpea development has proved to be 
advantageous as the increased root length density (RLD) allows mining of water from deeper 
soil profiles during late stages of plant development (Krishnamurthy et al., 1996, Kashiwagi et 
al., 2006). However, shortage of water during flower development and pod formation leads to 
drastic decrease in the yields (Leport et al., 2006, Fang et al., 2009). In this context, a recent 
study showed that tolerant genotypes respond to drought stress by lowering their water 
uptake and stomatal conductance at the vegetative stage when compared to the sensitive 
genotypes. In addition, the study further confirmed that drought tolerant varieties showed 
increased water uptake after flowering with no major variation in root growth components 
(depth, length density, RLD, dry weight, RDW) (Zaman-Allah et al., 2011). Therefore, 
understanding the molecular basis of these physiological traits will be essential to elucidate the 
role of molecular mechanisms that control these traits. This will further augment the 
identification of novel candidate genes for improving drought tolerance in chickpea. 
1.2.1.2 Reproductive development 
Chickpea is usually grown in soils with residual moisture and faces terminal drought stress due 
to receding water levels during the reproductive, pod formation and grain filling stages (Davies 
et al., 2000, Berger et al., 2006). Terminal drought has shown to reduce seed yields by 58–95% 
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when compared with irrigated counterparts (Leport et al., 1998, Leport et al., 2006). The yield 
losses are mainly attributed to the reductions in pod production and grain filling stages. 
Terminal drought stress also leads to decrease in flower numbers, pod production, pollen 
viability and pistil function with increased flower and pod abortion (Fang et al., 2009). Further, 
reduction in carbohydrate metabolism and increased accumulation of ABA have been 
attributed to the increased pod abortion (Pang et al., 2016). However, no studies were 
performed to understand the molecular responses of chickpea during different stages of flower 
and pod development during drought stress. Hence, there is a great need to emphasize on 
understanding the genetic basis of reproductive development in chickpea to unravel its 
significance in helping the plant to maintain normal reproductive development and maximize 
crop yield during terminal drought stress conditions.  
1.3 Molecular basis of drought tolerance 
Shinozaki et al., (2003), based on microarray analyses in Arabidopsis has classified the 
products of drought inducible gene expression into two categories: Regulatory proteins and 
Functional proteins. Regulatory proteins represent a group of proteins the are involved in 
drought response by controlling signal transduction and drought responsive gene expression. 
These include various transcription factors, protein kinases, protein phosphatases, enzymes 
involved in phospholipid metabolism and phytohormones. Functional proteins represent 
another group of proteins involved in abiotic stress tolerance. These include molecules such as 
chaperones, late embryogenesis abundant (LEA) proteins, osmotin, antifreeze proteins, 
mRNA-binding proteins, key enzymes for osmolyte biosynthesis, water channel proteins, sugar 
and proline transporters, detoxification enzymes, and various proteases (Figure 1.1).  
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1.3.1 Regulatory proteins 
1.3.1.1 Transcriptional regulation of drought stress 
In plants, Abscisic acid (ABA) is known to play a central role in regulating drought responsive 
gene expression (Shinozaki and Yamaguchi-Shinozaki, 2007). During drought stress, it is 
known to control genes involved in osmotic adjustment, ion compartmentalization, root 
hydraulic conductivity, shoot and root growth and transpiration thus leading to reduction of 
water loss in the plants (Verslues et al., 2006, Pospíšilová et al., 2009).  
 
Figure 1.1 Classification of drought inducible gene products in Arabidopsis (Shinozaki and 
Yamaguchi-Shinozaki, 2007) 
 
However, few drought responsive gene networks are not dependent on ABA. Based on this, 
Hirayama and Shinozaki, (2010) has proposed the existence of ABA-dependent and ABA-
independent signalling pathways. Transcription factors represent the major components of both 
ABA-dependent and –independent signalling pathways. ABA-dependent signalling is 
comprised of (1) the AREB/ABF (ABA-responsive element-binding protein/ABA binding 
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factor), and (2) the MYC/MYB regulon, whereas ABA-independent signalling is mediated by 
(1) the CBF/DREB (Cold-binding factor/dehydration-responsive element binding) regulon; 
and (2) the NAC and zf-HD (zinc-finger homeodomain) regulon respectively (Saibo et al., 
2009, Lata and Prasad, 2011). The AREB/ABFs belong to bZIP transcription factor family and 
the over-expression of their members such as ABF2, ABF3 and ABF4 increased tolerance to 
various abiotic stress in an ABA dependent manner (Kang et al., 2002). Similarly, MYC/MYB 
TFs are also ABA responsive and are known to regulate expression of RD22 (Urao et al., 1993, 
Abe et al., 2003). In addition, over-expression of other members that include MYB2, MYB4, 
MYB44 and MYB102 also led to increased tolerance towards drought stress (Denekamp and 
Smeekens, 2003, Vannini et al., 2007, Jung et al., 2008).  
Unlike AREB/ABF and MYC/MYB regulons, members of CBF/DREB family such as 
DREB1 and DREB2 were induced in response to multiple abiotic stresses in an ABA-
independent manner (Lata and Prasad, 2011). Further, Arabidopsis lines over-expressing 
DREB1A, DREB1B and RD29A::DREB1A showed enhanced tolerance to water deficit 
conditions (Liu et al., 1998, Kasuga et al., 1999). Recently, over-expression RD29A::DREB1A 
was found to positively effect key traits involved in water loss and root architecture in chickpea 
(Anbazhagan et al., 2015). Finally, NAC transcription factors represents another drought-
responsive regulon activated in an ABA-independent manner. SNAC1 was first identified to be 
activated in the stomatal guard cells in response to dehydration (Hu et al., 2006). It is known 
to transcriptionally regulate ERD1 (early responsive to dehydration stress 1) (Nakashima et 
al., 1997). Additionally, NAC transcription factors such as GmNAC2, GmNAC3, GmNAC4 
and OsNAC045 were found to be induced in response to multiple abiotic stress in Glyicine max 
and rice respectively (Pinheiro et al., 2009, Zheng et al., 2009).
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Table 1.2 Major transcription factor (TF) families expressed in response to abiotic stress 
Gene Family Gene Identified in crop Studied crop 
Stress related 
function References 
AREB/ABF AREB1, AREB2/ABF4 and ABF3 
Arabidopsis 
thaliana 
Arabidopsis 
thaliana Dehydration/Drought 
Fujita et al., 2005; Yoshida et 
al., 2015 
 AREB1, AREB2/ABF4 and ABF3 
Arabidopsis 
thaliana 
Arabidopsis 
thaliana Osmotic stress  
Choi et al., 2000; Kang et al., 
2002, Kobayashi et al., 2008; 
Lee et al., 2010  ABF2 Arabidopsis thaliana 
Arabidopsis 
thaliana Osmotic stress  Kim et al., 2004 
AP2/ERF AtDREB1A Arabidopsis thaliana Cicer arietinum Drought Anbazhagan et al., 2015 
 SodERF3 Saccharum officinarum L.  
Nicotiana 
tabacum L. 
Dehydration/Multiple 
stress Trujillo et al., 2008 
 GmERF3 Glycine max Nicotiana tabacum 
Dehydration/Multiple 
stress Zhang et al., 2009 
 AtDREB1A Arabidopsis thaliana Glycine max Dehydration de Paiva Rolla et al., 2014 
 OsDREB1F Oryza sativa Oryza sativa Drought/Multiple stress Wang et al., 2008 
 GmDREB2A;2 Glycine max Glycine max Dehydration/Multiple stress response Mizoi et al., 2013 
 DREB1/CBF Arabidopsis thaliana Oryza sativa Dehydration Paul et al., 2015 
 FeDREB1 Fagopyrum esculentum 
Arabidopsis 
thaliana 
Drought/Multiple 
stress Fang et al., 2015 
 VrDREB2A Vigna radiata Arabidopsis thaliana Drought Chen et al., 2016 
 EaDREB2 Erianthus arundinaceus 
Saccharum spp. 
hybrid Co 86032 Drought Augustine et al., 2015 
 AtDREB2A Arabidopsis thaliana Glycine max Drought Engels et al., 2013 
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Gene Family Gene Identified in crop Studied crop 
Stress related 
function References 
 OsDREB2A Oryza sativa Oryza sativa Drought Cui et al., 2011 
 SsDREB Suaeda salsa Nicotiana tabacum Drought Zhang X. et al., 2015 
 TaDREB2 and TaDREB3 Triticum aestivum Triticum aestivum Drought Morran et al., 2011 
 OsERF4a, OsERF10a Oryza sativa Oryza sativa Drought Joo et al., 2013 
 HARDY Arabidopsis thaliana 
Arabidopsis 
thaliana Drought Karaba et al., 2007 
NAC SNAC1 Oryza sativa Oryza sativa Drought Hu et al., 2006 
 TaNAC2 Triticum aestivum 
Arabidopsis 
thaliana 
Drought/Multiple 
stress Mao et al., 2012 
 OsNAC5 Oryza sativa Oryza sativa Drought Song et al., 2011 
 OsNAC6 Oryza sativa Oryza sativa Dehydration/ Multiple stress Nakashima et al., 2007 
 GmNAC20 Glycine max Glycine max Drought Hao et al., 2011 
 TaNAC69 Triticum aestivum Triticum aestivum 
Dehydration 
Tolerance Xue et al., 2011 
bZIP GmbZIP44, GmbZIP62, GmbZIP78 Glycine max 
Arabidopsis 
thaliana 
Salt and Freezing 
stress Liao et al., 2008 
 GmbZIP1 Glycine max Arabidopsis thaliana Drought Gao et al., 2011 
 OsbZIP23 Oryza sativa Oryza sativa Salinity and Drought tolerance Xiang et al., 2008 
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Gene Family Gene Identified in crop Studied crop 
Stress related 
function References 
 WLIP19 Triticum aestivum 
Nicotiana 
tabacum Abiotic stresses Kobayashi et al., 2008 
 ZnbZIP17 Zea mays Zea mays Drought, Heat, Salt Jia et al., 2009 
 OsAREB1 Oryza sativa Arabidopsis thaliana Drought, Heat Jin et al., 2010 
 SlAREB Solanum lycopersicum 
Solanum 
lycopersicum, 
Arabidopsis 
thaliana 
Water deficit and Salt 
stress Hsieh et al., 2010 
 OsbZIP16 Oryza sativa Oryza sativa Drought Chen et al., 2012 
 DgZFP Dendronthema grandiform 
Nicotiana 
tabacum 
Drought, Salinity, 
Cold Liu et al., 2010 
 HvDRF1 Hordeum vulgare Hordeum vulgare Drought Xue and Loveridge, 2004 
 OsbZIP71 Oryza sativa Oryza sativa Drought, Salinity, Cold Liu et al., 2014 
(HD-Zip) 
proteins Multiple HD-Zip genes Glycine max Glycine max Drought/Salinity Chen et al., 2014 
 EDT1/HDG11 Arabidopsis thaliana 
Arabidopsis 
thaliana Drought Yu et al., 2013 
 Zmdhz10 Glycine max Glycine max Dehydration tolerance Zhao et al., 2014 
Zinc finger 
proteins OsTZF1 Oryza sativa Oryza sativa 
RNA metabolism of 
stress-responsive 
genes/Multiple stress 
response 
Jan et al., 2013 
 DgZFP2 Dendronthema grandiform 
Dendronthema 
grandiform 
Dehydration/Multiple 
stress Liu et al., 2012 
 TaMYB33 Triticum aestivum 
Arabidopsis 
thaliana Drought/Salinity Qin et al., 2012 
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Gene Family Gene Identified in crop Studied crop 
Stress related 
function References 
 TaPIMP1 Triticum aestivum 
Nicotiana 
tabacum Drought/Salinity Liu et al., 2011 
 ZFP182 Oryza sativa Oryza sativa Drought Huang et al., 2012 
 ZFP245 Oryza sativa Oryza sativa Drought Huang et al., 2009 
 ZFP252 Oryza sativa Oryza sativa Drought Xu et al., 2009 
WRKY OsWRKY30 Oryza sativa Oryza sativa Drought Shen et al., 2012 
bHLH OsbHLHU8 Oryza sativa Oryza sativa Drought Seo et al., 2011 
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Interestingly, TaNAC4 was induced in response to multiple biotic and abiotic 
stresses as well as in response to ABA, ethylene and methyl jasmonate suggesting its role 
cross-talk between multiple stress conditions (Xia et al., 2010). In addition, constitutive over-
expression of TaNAC2, TaNAC29 and root-specific over-expression of OsNAC10, OsNAC5 
and OsNAC9 led to increased drought tolerance in wheat and rice (Jeong et al., 2010, Redillas 
et al., 2012, Jeong et al., 2013, Mao et al., 2012, Huang et al., 2015). In soybean, over-
expression NAC20 increased lateral root formation by modulating auxin signalling genes in a 
DREB/CBF dependent manner (Hao et al., 2011). Along with these, members of other 
transcription factors families such as AP2/ERF, bHLH, MYB and WRKY were also extensively 
studied for their role in regulating drought responsive gene expression. A list of various abiotic 
stress responsive transcription factors are mentioned in the Table 1.2 
In chickpea, genome-wide analyses have revealed the presence of 147 CaAP2/ERF, 5 
CaHSP90, 37 CaDof, 71 CaNAC and 89 Homeobox transcription factors respectively (Ha et 
al., 2014, Bhattacharjee et al., 2015, Agarwal et al., 2016, Nasim et al., 2016). In addition, few 
studies were also focused on deciphering genome-wide transcriptional responses towards 
drought stress (Garg et al., 2014, Garg et al., 2016). However, most studies were focused on 
studying the transcriptional responses during one specific stage of plant growth in response to 
drought stress. Since, transcription factors are a part of complex regulatory network comprising 
of up-stream regulators and down-stream targets. It is important to focus on tissue-specific 
analyses of transcriptional responses during different developmental stages. This will provide 
a better understanding of their regulatory networks and identify potential candidate genes to 
increase drought tolerance in chickpea. 
1.3.1.2 Protein Kinases 
In plants, protein kinases play a vital role in cell signalling by the phosphorylation of target 
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proteins (Zhu, 2002a). The major families of protein kinases include mitogen-activated protein 
kinases (MAPKs), calcium-dependent protein kinases (CDPKs), CBL-interacting 
serine/threonine-protein kinase (CIPKs), receptor-like kinases (RLKs) and most of SNF1-
related kinases (SnRKs).  
1.3.1.2.1 MAPKs (mitogen-activated protein kinases) 
MAPK cascades represent one of the major signalling components in eukaryotes and respond 
to multiple abiotic stresses (Hirayama and Shinozaki, 2010).  Recent evidence suggests several 
members of MAPK family being controlled by ABA signalling. For example, MAP3K17/18-
MKK3-MPK1/2/7/14 module was found to be controlled at transcriptional and post-
translational levels by core ABA signalling pathway (de Zelicourt et al., 2016). In addition, 
MAPKs such as YODA and MAP3K18 are involved in stomatal development (Bergmann et al., 
2004, Mitula et al., 2015), while MPK9, MPK12, MKK1–MPK6 were associated with ABA 
induced H2O2 production and stomatal closure (Xing et al., 2008, Jammes et al., 2009).  
1.3.1.2.2 CDPKs (calcium-dependent protein kinases) 
In plants, CDPKs induced in response to osmotic stress and are associated with the activation 
of calcium (Ca2+) mediated signalling in plants (Zhu, 2002a). They act as positive regulators 
of abiotic stress responses and their over-expression led to enhanced stress tolerance (Ludwig 
et al., 2004). In Arabidopsis, the role of CDPKs in ABA mediated signalling was identified by 
the in-vivo interactions AtCPK4, AtCPK7, AtCPK10, AtCPK11 and AtCPK20 with ABA 
transcriptional regulators ABF1 and 2 (Lu et al., 2013). In addition to SnRKs, AtCPK4 and 
AtCPK11 were also found to phosphorylate ABF1 and 4 (Zhu et al., 2007, Lynch et al., 2012). 
CDPKs such as CPK3, and CPK6 and CPK9 also regulate ABA activity and stomatal closure 
(Mori et al., 2006, Wei et al., 2014). Studies have also found CPK5/CPK6, CPK4/CPK11 and 
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CPK12 to regulate ROS production by phosphorylating NADPH oxidase to enhance salt stress 
tolerance (Kobayashi et al., 2007, Asano et al., 2012).  
1.3.1.2.3  RLKs (Receptor-like Kinases) 
Recently, RLKs were also found to regulate abiotic stress responses in plants. An expression 
analysis based on AtGenExpress drought transcript profiling data set revealed significant 
changes in the expression of RLKs during early response to drought stress (Kilian et al., 2007). 
Similar changes were observed in Arabidopsis seedlings with 78 RLKs being differentially 
regulated in response to osmotic stress (Skirycz et al., 2011). RLKs were found to either 
positively or negatively regulate abiotic stress responses in plants. For example, receptor-like 
cytosolic kinase ARCK1 was found to negatively regulate ABA mediated osmotic stress 
response in Arabidopsis, while a receptor-like kinase OsSIK1 led to enhanced drought and salt 
tolerance by the activation of detoxification systems (Ouyang et al., 2010, Tanaka et al., 2012).  
1.3.1.2.4 SnRKs (SNF1-related kinases) 
Finally, a group of Sucrose non-fermentation 1 (SNF1)-related kinases (SRK2D/SnRK2.2, 
SRK2I/SnRK2.3, and SRK2E/OST1/SnRK2.6) were found to highly induced in response to 
ABA, which were later found to play a key role in transducing ABA signals (Kulik et al., 2011). 
Activation of SnRKs by ABA leads to phosphorylation of the down-stream proteins including 
AREB/ABF (ABA-responsive cis-element binding protein/ABA-responsive cis-element 
binding factor) transcription factors (Golldack et al., 2014). 
Taken together, these studies clearly demonstrate an active role of protein kinases in 
regulating stress responsive signalling and tolerance in various plant species. Interestingly, 
most of the studies were focused on understanding the role of protein kinases in regulating 
ABA signalling and its effects on stomatal closure. In chickpea, no study was performed to 
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analyse drought responsive regulation of protein kinases in multiple tissues during different 
developmental stages. Therefore, analysing tissue- and stage-specific expression of the kinase 
genes will provide a better understanding of their potential role in regulating various drought 
responsive regulatory networks that confer tolerance to chickpea. 
1.3.2 Phytohormones 
Plant growth is tightly controlled by both environmental cues and intrinsic regulators, known 
as Phytohormones (Santner and Estelle, 2009). Phytohormones act as central regulators which 
link and reprogram complex developmental and stress adaptive signalling networks (Golldack 
et al., 2014). Mounting evidence suggests complex cross-regulatory interactions between 
hormone pathways are essential for successful growth and development of the plants and their 
adaptation to biotic and abiotic stresses (Depuydt and Hardtke, 2011). The cross talk between 
the hormone signalling pathways has been deduced by their overlapping influence on various 
cellular processes (Santner and Estelle, 2009). The hormones regulate the cross talk by 
regulating the biosynthesis of other hormones and convergence of hormonal cross-interactions 
which leads to activation of transcription factors which in turn coordinate the developmental 
response. 
1.3.2.1 Drought tolerance: Phytohormones 
Till date, nine classes of Phytohormones are identified to be involved in plant development and 
seven classes of Phytohormones viz., Auxins (AUX), Cytokinins (CK), Gibberellins (GA), 
Brassinosteroids (BR), Jasmonic acid (JA), Strigolactones and Ethylene have been identified 
to respond during plant growth and development under drought stress apart from Abscisic acid 
(ABA) (Singh and Jwa, 2013). Recent studies have revealed that plants exhibit a complex 
cross-talk between ABA and other phytohormones such as AUX, CK, GA, JA and ethylene in 
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order to cope with various abiotic stresses (Kohli et al., 2013) (Figure 1.2).  
 
Figure 1.2 The model for hormonal cross-talk during drought stress (Kohli et al., 2013) 
1.3.2.2 Drought tolerance: ABA, GA and JA 
In plants, ABA plays a central role in response to various abiotic stresses (Fujita et al., 2011). 
Recent studies have unravelled various components involved in ABA signalling pathway. 
These include the nucleocytoplasmic ABA receptors [PYR/PYL/RCARs (PYRABACTIN 
RESISTANCE/ PYRABACTIN RESISTANCE-LIKE/REGULATORY COMPONENT OF ABA 
RECEPTORS)], type 2C protein phosphatases (ABI1/ABI2), SNF1-RELATED PROTEIN 
KINASES (SnRK2s) and transcription factors AREB/ABFs [ABA-RESPONSIVE PROMOTER 
ELEMENTS (ABREs) BINDING FACTORS (ABFs)] (Ma et al., 2009, Park et al., 2009, 
Umezawa et al., 2009, Vlad et al., 2009). ABA-responsive gene expression in vegetative tissues 
and during seed maturation events is mainly mediated by two bZIP-TFs, ABI5 and 
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AREB/ABFs through the ABA-responsive element (ABRE). ABA is also known to control 
gene expression during circadian clock and light conditions by the activation of transcription 
factors (TFs) belonging to AP2/ERF, MYB, NAC, DREB and zf-HD families (Fujita et al., 
2011). Recently, Golldack et al., (2014) proposed a model of cross-talk between ABA, GA and 
JA during drought and salt stress conditions. According to this model, GA repressive DELLA 
proteins (GAI, RGA, RGL1, RGL2, RGL3), JA receptor COI1 (CORONATINE INSENSITIVE 
1) and JA repressive JAZ proteins along with XERICO play a central role in the cross-talk 
between ABA, GA and JA to regulate developmental and stress responsive signalling (Figure 
1.3).  
1.3.2.3 Drought tolerance: Auxins, Cytokinins and Ethylene 
Auxins along with ethylene play a vital role in controlling root development and architecture, 
an important trait for drought tolerance (Benkova and Hejatko, 2009). In Arabidopsis, increase 
in endogenous (iaaM-OX transgenic lines) and exogenous levels of auxins enhanced drought 
tolerance by increasing lateral root growth as well as activation ABA-responsive gene 
expression (RAB18, RD22, RD29A, RD29B, DREB2A and DREB2B) (Shi et al., 2014). This 
indicates a synergistic control of auxin and ABA expression in controlling root development 
during drought stress. Additionally, a Major Facilitator Superfamily (MFS) transporter, Zinc-
Induced Facilitator-Like 1 (ZIFL1) was found to regulate dual role in AUX transport in 
Arabidopsis root and enhance tolerance towards drought stress (Remy et al., 2013). During 
drought stress, accumulation of ABA is known to have an antagonistic effect on cytokinin 
biosynthesis (Nishiyama et al., 2011). Analysis of CK receptor (ahk1, ahk2, ahk3, and 
cre1) mutants revealed that AHK1 to positively regulate ABA signalling, suggesting a 
central role of AHK1 in CK and ABA crosstalk in relation to stress signalling (Nishiyama 
et al., 2011).  Further, over-expression of CK degradation gene CKX1 resulted in enlarged 
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root growth and decrease in leaf water potential that led to increase in drought stress 
tolerance (Macková et al., 2013). Taken together, these studies indicate a negative role of 
CK during root growth under drought stress. 
 
Figure 1.3 Schematic representation of ABA, GA and JA hormonal-cross talk and ABA-
dependent and –independent stress responsive pathways mediated by multiple TF families. 
Hypothesized links are shown in dotted lines. 
1.3.2.4 Phytohormones: Root development 
During root growth, AUX is involved in establishment, organization and maintenance of Root 
Apical Meristem (RAM). High levels of auxin are found in Quiescent Centre (QC) which 
shows low levels of mitotic activity. Low levels of auxins in meristematic tissues are correlated 
with cell proliferation and increased levels lead to cell differentiation/ elongation (Grieneisen 
et al., 2007). The gradient activity of auxins in roots are controlled by transcriptional regulators 
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encoded by PLETHORA (PLT) genes which work in conjunction with SCARECROW (SCR) 
and SHORTROOT (SHR) genes (Helariutta et al., 2000, Sabatini et al., 2003, Azpeitia and 
Alvarez-Buylla, 2012). The gradient distribution of auxins is mainly controlled by localization 
of PIN and ABCB transporters (Blilou et al., 2005, Vieten et al., 2005). Cytokinins are proved 
to show negative affect on root growth by regulating the size of RAM and decreasing the 
meristematic cell differentiation rates (Dello Ioio et al., 2007). The antagonistic relationship of 
auxin and cytokinin (CK) is an essential feature during root cell proliferation. This antagonistic 
relationship leads to cross regulation of specific hormone responsive genes. CK up-regulates 
SHORT HYPOCOTYL 2 (SHY2) that corresponds to IAA3, which in turn decreases the 
expression of PIN1, PIN3 and PIN7 in the vascular tissue of the transition zone (Dello Ioio et 
al., 2007, Dello Ioio et al., 2008, Ruzicka et al., 2009, Moubayidin et al., 2010). 
 
 
Figure 1.4 Schematic representation of phytohormone accumulation during root 
development (Source: Garay-Arroyo et al., 2012) 
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Gibberellins (GAs) are shown promote root growth by controlling cell proliferation and 
elongation through the degradation of DELLA proteins (Fu and Harberd, 2003, Ubeda-Tomas 
et al., 2008, Achard and Genschik, 2009). Furthermore, Brassinosteroids (BRs) are involved in 
mediation of root cell expansion and division. Several studies have identified the expression of 
BR biosynthetic genes in roots (Friedrichsen et al., 2000, Bancos et al., 2002, Shimada et al., 
2003). Role of BRs in root development was revealed by studies on BRs-related mutants (e.g., 
dwf1-6, cbb3, bri1-116, and the bak1-4/bkk1-1/serk1-8 triple mutant) that exhibited a short root 
phenotype (Mussig and Altmann, 2003, Mouchel et al., 2006, Hacham et al., 2011, Tong et al., 
2012). Finally, Ethylene is involved in root hair differentiation and is identified to inhibit cell 
elongation (Tanimoto et al., 1995, Pitts et al., 1998, Růžička et al., 2007). It is also found to 
regulate root growth by modulating the expression of genes involved in auxin biosynthesis 
such as ASA1/ WE12/TIR7, ASB1/WE17 (α and β subunits of ANTHRANILATE SYNTHASE), 
TAA1/WE18 (TRYPTOPHAN AMINOTRANSFERASE), and TARs (TAA1-related genes) 
(Růžička et al., 2007).  
1.3.2.5 Phytohormones: Flower development 
1.3.2.5.1 Phytohormones: Floral meristem (FM) identity  
Studies focused on deciphering the link between hormones and floral meristem (FM) identity 
genes have identified the positive regulatory role of gibberellins in transcriptional activity of 
FM identity gene LEAFY (LFY) (Blazquez et al., 1998), which in turn controls other FM 
identity genes AP1 (Wagner et al., 1999), AG (Busch et al., 1999), AP3 (Lamb et al., 2002), 
and CAULIFLOWER (CAL) (William et al., 2004). Studies on ga-1 mutant revealed gibberellin 
regulated transcriptional activity of PISTILLATA (PI) as well as AP3 and AG during floral 
organ initiation which is then repressed by DELLA protein (RGA) (Yu et al., 2004). 
Gibberellin biosynthesis and perception during floral development in turn controlled by 
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transcriptional activity of floral development genes AGAMOUS (AG) and APETALA1 (AP1) 
(Wellmer et al., 2006, Kaufmann et al., 2010). 
The role of auxins during FM identity was revealed by analysing the targets of SEP3 
which include transcription factors such as PETAL LOSS (PLT) involved in auxin homeostasis, 
AUX-IAA and ARF family members, as well as BES1 and GRAS families (Kaufmann et al., 
2009). Auxin signalling pathways during flower development are controlled by the interaction 
of SEP3 with ARF proteins (Kaufmann et al., 2009).  
1.3.2.5.2 Phytohormones: Meristem development 
Hormonal regulation during flower organogenesis is essential for the activity of inflorescence 
meristem (IM), which generates lateral organs and floral meristem (FM) and provides stem 
cells for flower organ formation. The FM size is dependent on stem cells whose population is 
controlled by WUS (WUSCHEL) and CLV (CLAVATA) (Clark et al., 1993, Clark et al., 1995). 
Gibberellins, Auxins and Cytokinins are implicated with the regulation of meristem size and 
development. CK signalling has been shown to regulate shoot apical meristem (SAM) size in 
Arabidopsis (Liu et al., 2010, Lindsay et al., 2006), Rice (Kurakawa et al., 2007) and Maize 
(Giulini et al., 2004). ABA signalling is known to be important in controlling FM size. The 
ERA1 (WIGGUM/ENHANCED RESPONSE to ABA1) gene which encodes farnesyltransferase 
controls the FM size (Cutler et al., 1996, Ziegelhoffer et al., 2000). 
Auxins play a critical role in lateral organogenesis in lateral vegetative outgrowth from 
SAM, lateral organ outgrowth from inflorescence meristem (IM) and floral organ initiation 
from FM. Studies in L. esculentum and Arabidopsis has identified that auxin mediated control 
of lateral organogenesis is determined by the polar orientation of PID (PINOID) protein kinase 
(Kleine-Vehn et al., 2009, Kumimoto et al., 2010) and PIN1 auxin efflux proteins (Reinhardt 
et al., 2000). Another gene NPY1 has been identified to show expression redundancy with PIN1 
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and PID (Cheng et al., 2007b). MP (AUXIN RESPOSNSIVE FACTOR 
(ARF5)/MONOPTEROS) along with PIN1, PID and NPY1 have been identified to play an 
important role in auxin mediated floral organ initiation (Przemeck et al., 1996, Benjamins et 
al., 2001, Peer et al., 2004, Wenzel et al., 2007). 
1.3.2.5.3 Phytohormones: Floral organ development 
Initiation and growth of floral organs is dependent on coordinated cell division and elongation 
controlled by specific set of floral organ genes. ARGOS gene, which positively regulates floral 
size, is found to act in auxin signalling pathway downstream of AXR1 and upstream of ANT 
(Hu et al., 2003). Furthermore, Jasmonates regulate floral size by post-transcriptional control 
of BPE (BIGPETAL), which encodes a bHLH transcription factor that regulates petal size via 
cell expansion (Szécsi et al., 2006, Brioudes et al., 2009). Cytokinins and Brassinosteroids are 
shown to affect cell division and elongation during floral organ growth by the activation of D-
type cyclin (D’Agostino and Kieber, 1999, Hu et al., 2000). Auxins are identified to promote 
or inhibit cell division and elongation (Rayle and Cleland, 1992, Reinhardt et al., 2000, Abas 
et al., 2006) and ethylene controlled inhibition of cell expansion is mediated through auxin 
transport and distribution as seen in root system (Růžička et al., 2007). 
Recent studies in Arabidopsis has identified the coordinated action of jasmonates, 
gibberellins, brassinosteroids, cytokinins and auxins are critical for various aspects of stamen 
development which include stamen initiation, filament elongation, pollen grain production, 
pollen maturation and pollen viability (Higuchi et al., 2004, Riefler et al., 2006, Ye et al., 2010, 
Kinoshita-Tsujimura and Kakimoto, 2011, Song et al., 2013b). A study in Columbia ecotype 
of Arabidopsis identified DELLA proteins also have a crucial role in pollen development as 
opposed to previous research on Ler ecotype (Plackett et al., 2014).  
Cytokinin mediated flower development is a result of an alteration in the balance of 
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cytokinin/auxin ratios (Venglat and Sawhney, 1996). Recent study focused on elucidating the 
role of cytokinins during flower development has identified positive regulation of CUC2 and 
CUC3 (CUP-SHAPED COTYLEDON) under increased cytokinin levels, the study further 
reported CUC2 and CUC3 expression mediated by AHK2 (HISTIDINE KINASE 2) and AHK3 
may regulate flower development (Li et al., 2010). Further, Arabidopsis plants that carry 
cytokinin degrading ckx3 (cytokinin dehydrogenase 3) and ckx5 double mutants showed over-
production of cytokinins, which resulted in larger inflorescence, floral meristems and ~55% 
increase in seed yield (Bartrina et al., 2011).  
Taken together, these studies indicate an indispensable role of phytohormones in 
regulating root and flower development in plants. However, most of these studies were 
undertaken on model plant Arabidopsis. Legumes like chickpea are known to follow a different 
flower development model than Arabidopsis, which follows traditional ABC model flower 
development (Tucker, 2003). Unlike Arabidopsis, legumes show simultaneous initiation of two 
or three floral organ primordia, which suggests single set of genes controlling multiple flower 
development processes (Tucker, 1987, Singh et al., 2013). Hence, analysing the regulation of 
phytohormone-related genes as well as genes involved in root and flower development will 
provide a better understanding of their role during drought stress. This will also lead to the 
identification of potential gene or gene networks that can exploited to enhance drought 
tolerance in chickpea. 
1.3.3 Functional proteins 
1.3.3.1 Detoxification systems 
In response to drought stress, plants cells rapidly accumulate reactive oxygen species (ROS) 
such as as singlet oxygen (1O2), superoxide (O2•−), hydrogen peroxide (H2O2), and the hydroxyl 
radical (•OH). This is triggered due to the decreased CO2 fixation that accelerates 
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photorespiratory pathway leading to excessive H2O2 accumulation in the peroxisome (Cruz de 
Carvalho, 2008). Accumulation of ROS is detrimental to normal functioning of plant cells and 
is known to damage macromolecules such as proteins, lipids and nucleic acids. This further 
leads to alterations in metabolic processes, photosynthesis, cellular organization that results in 
growth retardation, decreased fertility, early senescence and reduced crop yield (Krasensky and 
Jonak, 2012). Interestingly, ROS also acts as signalling molecule for triggering abiotic stress 
responses in plants. Hence, a dynamic equilibrium is maintained through the coordination of 
ROS production and ROS scavenging systems to manage oxidative damage and 
simultaneously regulate stress signalling pathways (Miller et al., 2010).  
 Plants have developed an extensive network detoxification mechanisms comprising of 
enzymatic [Superoxide Dismutase (SOD), Ascorbate Peroxidase (APX), 
Monodehydroascorbate Reductase (MDHAR), Dehydroascorbate Reductase (DHAR), 
Glutathione Reductase (GR), Catalase (CAT), Glutathione Peroxidase (GPX), Glutathione S-
Transferase (GST), Guaiacol Peroxidase (GPOX)] and non-enzymatic [Ascorbate (AsA), 
Glutathione (GSH), tocopherol, carotenoids, flavonoids, and proline] antioxidant systems to 
help prevent excessive accumulation of ROS and oxidative damage (Sharma et al., 2012).  
Of these, Ascorbate-GSH pathway plays a central role in detoxification of ROS species 
(Anjum et al., 2010). AsA-GSH pathway comprises both enzymatic (Catalase, CAT, EC 
1.11.1.6; Ascorbate Peroxidase, APX, EC 1.11.1.11; Glutathione Reductase, GR, EC 1.6.4.2; 
Monodehydroascorbate Reductase, MDHAR, EC 1.6.5.4; Dehydroascorbate Reductase, 
DHAR, EC 1.8.5.1; glutathione peroxidase, GPX, EC 1.11.1.9; Guaiacol Peroxidase, GPX, EC 
1.11.1.7; Glutathione-S Transferase, GST, EC 2.5.1.18) and non-enzymatic (including ascorbic 
acid, AsA; glutathione, GSH) antioxidants (Anjum et al., 2010, Anjum et al., 2012). Several 
studies have validated the role of glutathione and related enzymes in combating ROS in 
different plants species during their response to drought stress (Ruegsegger et al., 1990, Arisi 
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et al., 1997, Noctor and Foyer, 1998, Ogawa et al., 2005, Hicks et al., 2007). Similarly, 
presence of flavonoids has been proved to be beneficial for crop breeding because of their role 
in allelopathy, which has positive or negative effects on the growth of target organisms such 
as fungi, insects, and plants (Harborne and Williams, 2000, Bais et al., 2003, Field et al., 2006). 
Recently, over accumulation of flavonoids was found to positively regulate concurrent 
enhancement of tolerance to multiple stressors (Nakabayashi et al., 2014). 
Further, ROS can modulate many signal transduction pathways, such as mitogen-
activated protein kinase cascades, and ultimately influence the activity of transcription factors 
to activate down-stream stress responsive targets. ROS generated in response to drought stress 
is mainly catalyzed by NADPH oxidases (Sagi and Fluhr, 2001). In plants, respiratory burst 
oxidase homolog (rboh) gene family encodes the key enzymatic subunit of the plant NADPH 
oxidases (Groom et al., 1996). They are also involved in ABA signal transduction, plant 
defenses, abiotic stress responses (Torres et al., 2002, Yoshioka et al., 2003, Miller et al., 2009). 
In Arabidopsis and cress plants disruption of AtrbohC and LesarbohB altered normal 
phenotypes which suggests their active role in root development (Foreman et al., 2003, Muller 
et al., 2012). Taken together, these studies indicate the potential role of genes involved in ROS 
production and scavenging systems in enhancing drought tolerance in chickpea. However, no 
previous studies were focused on understanding the genes or gene networks involved ROS 
signalling and detoxification in the roots and reproductive tissues during drought stress in 
chickpea.  
1.3.3.2 Transporters (ABC/MFS/Aquaporins) 
In plants, ABC proteins were originally identified as transporters involved in the final 
detoxification process, i.e., vacuolar deposition (Martinoia et al., 1993). Further studies on 
plant ABC transporters in rice lead to functional characterization of three ABC transporters 
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related to water retention in leaf, pollen exine development, and production of phytic acid (Xu 
et al., 2009, Chen et al., 2011, Qin et al., 2013). The involvement of ABC transporter proteins 
AtABCB1/4/19 (auxin transport), AtABCG25 (ABA export/import) in roots and the role of 
AtABCG36 in conferring biotic and abiotic stress tolerance make them strong candidates for 
studying their expression profiles during drought stress in chickpea (Kuromori et al., 2010, 
Kamimoto et al., 2012, Cho and Cho, 2013) . Major facilitator Family (MFS) transporters are 
another major transporter protein family which is known to be ubiquitous across all classes of 
organisms. To date, few studies have functionally characterized few plant MFS transporters 
and they have been implicated in sugar, oligopeptide and nitrate transport (Büttner, 2007, Tsay 
et al., 2007). In addition, Zinc Induced Facilitator (ZIF1), an Arabidopsis MFS transporter has 
been identified as tonoplast localized transporter involved in zinc tolerance (Haydon and 
Cobbett, 2007). Recent study on ZIF1 revealed its role in modulating both polar auxin transport 
and drought stress tolerance (Remy et al., 2013). 
Plant aquaporins has been explained by their role in regulating water transport through 
plant during various stages of development and in all environmental conditions (Hachez et al., 
2006). Studies on PIP and TIP aquaporin expression identified in different organs and plant 
species has highlighted their role in radical transcellular water transport and also in cellular 
osmoregulation (Chaumont and Tyerman, 2014). It has also been identified that PIP and TIP 
aquaporin expression seems to be more abundant in roots than in leaves (Alexandersson et al., 
2005, Heinen et al., 2009, Besse et al., 2011). 
Positive functional role of aquaporins during drought stress has been demonstrated by 
silencing aquaporin genes in transgenic tobacco and Arabidopsis (Siefritz et al., 2002, Martre 
et al., 2002). The results showed decreased Hydraulic conductivity (Lpr) and leaf water 
potential which led to enhanced plant sensitivity to drought stress. In other studies, 
overexpression yielded contradictory results with higher plant tolerance (Lian et al., 2004, Guo 
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et al., 2006, Peng et al., 2007, Gao et al., 2010, Hu et al., 2012, Zhang et al., 2013) and higher 
sensitivity (Aharon et al., 2003, Katsuhara et al., 2003) in response to drought stress. However, 
few studies have showed substantial increase in drought tolerance by the overexpression of 
aquaporins in Oryza sativa (Lian et al., 2004) and Lycopersicum esculentum (Sade et al., 2009).  
Overall, these results indicate a potential role of ABC, MFS transporters and aquaporins 
in active transport of water and solutes during drought stress. Hence, they can be successful 
exploited to actively transport water and other essential compounds (phytohormones) to 
maintain osmotic balance and increase tolerance towards drought stress. However, no study 
was performed to identify the potential candidates involved transporter activity during drought 
stress in chickpea. 
1.4 MicroRNAs 
In plants, microRNAs represent 20 to 24 nucleotide small non-coding RNAs (Li and Mao, 
2007). They act as central regulators of post-transcriptional gene regulation and regulate the 
target gene expression via cleavage or through translational repression (Bartel, 2004). Their 
role in diverse biological process such as leaf morphogenesis, floral organ identity, and root 
development was extensively studied (Mallory and Vaucheret, 2006, Sunkar et al., 2007). 
Along with this, they are known to regulate stress responsive molecular pathways during 
various biotic and abiotic stresses such as bacterial infections, nutrient deficiency, salt, drought 
and high/low temperatures (Zhang, 2015). Recent advances revealed stage-, tissue-, stress- and 
genotype-specific expression of miRNAs during plant development under normal and stress 
conditions (Eldem et al., 2012, Xie et al., 2014, Xie et al., 2015b, Candar-Cakir et al., 2016). 
This indicates the presence of a highly complex molecular mechanism controlled by multiple 
gene networks to regulate the expression of miRNAs, which in turn control plant development 
and stress responses. MiRNAs are also widely distributed throughout the plant kingdom and 
are evolutionary conserved from mosses to higher monocots and dicots (Axtell and Bartel, 
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2005, Zhang et al., 2006). However, new research has unraveled several novel miRNAs in 
various plant species with unique and variable functions (Xie et al., 2015a). This suggests 
conserved and species-specific miRNAs may play a diverse role in regulating conserved 
developmental pathways as well as species-specific processes. 
1.4.1 MicroRNAs: Drought tolerance 
Recent studies on the role of miRNAs during drought stress have identified their role in 
Abscisic acid (ABA) response, auxin signalling, osmotic adjustment, antioxidant defence, 
photosynthesis and respiration (Sunkar and Zhu, 2004, Liu et al., 2008b, Barrera-Figueroa et 
al., 2011, Kantar et al., 2011). Advent of high-throughput technologies resulted in identification 
of several drought responsive miRNAs in model plants like Arabidopsis (Sunkar and Zhu, 
2004), rice (Zhao et al., 2007) and non-model crop plants such as, barley (Kantar et al., 2010), 
peach (Eldem et al., 2012), switchgrass (Xie et al., 2014), cotton (Xie et al., 2015b) and tomato 
(Candar-Cakir et al., 2016). MicroRNAs exhibit a conserved response to drought stress in 
different plant species as miR160, miR164, miR167, miR171, miR393, miR396, miR398, 
miR399, miR408 and miR2118 were commonly induced under drought stress in different plant 
species (Figure 1.5) (Liu et al., 2008a). In Arabidopsis, the miRNAs that were up-regulated 
during drought stress were also involved in controlling developmental processes suggesting a 
complex interaction of developmental and stress responsive mechanisms in plants (Zhu and 
Helliwell, 2010, Alonso-Peral et al., 2012, Curaba et al., 2013). Interestingly, few drought 
responsive miRNAs are known to be regulated in a species-specific manner. For example, 
miR169 was up-regulated in rice, Glycine max, Populus and tomato, while it was down-
regulated in Arabidopsis and Medicago (Ding et al., 2013). Furthermore, members of the same 
miRNA family were contrastingly regulated in response to drought stress, while few miRNAs 
showed converse regulation in the same plant species in a spatio-temporal pattern during 
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drought stress (Ferdous et al., 2015). This suggests drought induced expression changes of 
miRNA regulators might control the expression of miRNA genes, which in turn control the 
regulation of their targets. Overall, these studies suggest that miRNAs plays a diverse role in 
regulating multiple developmental and stress responsive pathways in stage-, tissue- and 
genotype-specific manner during plants response to drought stress. 
 The potential role of miRNAs during drought stress was validated in various plant 
species. For example, over-expression of Gma-miR394a in Arabidopsis decreased water loss 
from leaves and enhanced tolerance to drought stress (Ni et al., 2012). Similarly, 
overexpression of Osa-miR319 in creeping bentgrass and miR394 in soybean also led increased 
tolerance towards drought stress (Zhou et al., 2013, Song et al., 2013a). During drought stress, 
both up- and down-regulated miRNA are important as the target genes are involved in either 
positive or negative regulation of drought tolerance. For example, down-regulation of miR168 
and miR528 resulted in up-regulation of mitogen activated protein kinase (MAPK) and 
peroxidase (POD) that led to increased ABA and ROS mediated signalling thus enhancing 
tolerance towards drought stress (Wei et al., 2009). These studies demonstrate that miRNAs 
can be used to improve drought stress tolerance in plants. In addition, accurate prediction of 
the gene targets will play a critical role in successful exploitation of drought responsive 
miRNAs for enhancing drought tolerance in crop species. 
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Figure 1.5 The role of miRNAs in regulating various drought responsive gene pathways 
under drought stress. Source: Ding et al., (2013) 
 
 In legumes, drought responsive miRNAs were identified in Medicago, Phaseolus 
vulgaris, cowpeas and soybean. In Medicago, Wang et al., (2011b) identified differential 
regulation of 32 miRNAs belonging to 14 families being in response to drought stress. In P 
vulgaris, Arenas-Huertero et al., (2009) identified several novel miRNAs in response to 
drought and ABA treatments suggesting their role in regulating unique species-specific 
processes. In cowpeas and soybean, Barrera-Figueroa et al., (2011) and Kulcheski et al., (2011) 
used two genotypes with contrasting tolerance towards drought stress to understand the 
genotype-specific expression of drought responsive miRNAs. In cowpeas, drought stress 
resulted in differential expression of 44 miRNAs with 9 miRNAs being specifically expressed 
in one of the genotypes. In soybean, most of the drought responsive miRNAs were down-
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regulated in tolerant genotype, while they were up-regulated in sensitive genotype. During all 
the studies, drought responsive miRNAs were found to be involved in processes related to 
development, transcription, protein degradation, nutrient status and cross adaptation. Taken 
together, these studies clearly suggest a central role of miRNAs in controlling drought 
responsive gene expression in legumes. 
1.4.2 MicroRNAs: Floral transition and flower development 
Flowering is a crucial transition in the life cycle of angiosperms, which is essential for 
successful reproduction and allows continual survival of the species. Three conserved 
MicroRNAs (miR156, miR159 and miR172) were identified to regulate the floral meristem 
identity and floral initiation (Luo et al., 2013a). Floral meristem identity requires the expression 
of floral integrator gene (SOC1), which is regulated by miR156 through the inactivation of SPL 
transcription factors (Wang et al., 2009, Wu et al., 2009a). Further, miR159 is involved in floral 
meristem formation by targeting MYB transcription factors, specifically MYB transcription 
factors controlling gibberellin signalling (Achard et al., 2004). Finally, miR172 has been 
identified to control flower development as well as floral meristem initiation and phase 
transition. It acts by targeting APETALA2 (AP2) that regulates important flowering genes 
SOC1, LFY1 and AP1 (Aukerman and Sakai, 2003, Glazinska et al., 2009, Mlotshwa et al., 
2006, Wollmann et al., 2010, Yant et al., 2010, Zhu and Helliwell, 2010). It has also shown to 
regulate SCHLAFMUTZE (SMZ), a repressor of flowering (Mathieu et al., 2009).  
In addition, miR319, miR390, and miR399 families play a key role role in the control 
of flowering time (Jones-Rhoades et al., 2006, Rubio-Somoza and Weigel, 2013, Jin et al., 
2013). Floral patterning and floral organ development are controlled by miR172 and miR164 
(Luo et al., 2013a). Finally, miR165/166 control floral organ development and polarity; 
overexpression of miR165/166 resulted in reduced floral organs (Williams et al., 2005b, Jung 
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and Park, 2007). The aforementioned studies in Arabidopsis clearly demonstrate the critical 
regulatory role of miRNAs during every stage of flower development. They are found to be 
essential for modulating the expression of flowering repression genes and activating the genes 
involved in floral meristem identity and flower initiation as well as regulation of floral 
patterning and floral organ development. 
1.4.3 MicroRNAs: seed development 
Seed formation is initiated after fertilization and the seed developmental processes are 
subjected to complex transcriptional, post-transcriptional and post-translational regulation. 
Seed formation is extensively regulated by miRNAs and their targets. Plants lacking miRNA 
biogenesis-, processing-, or loading-associated genes showed defective seed development 
(Willmann et al., 2011).  For example, Arabidopsis embryos with disrupted DCL1, a miRNA 
biogenesis gene resulted in increased activation of transcription factors during eight-cell-
embryo stage (Nodine and Bartel, 2010). These transcription factors are normally targeted by 
miR156, miR159, miR160, miR166, miR319, or miR824 respectively. In addition, six targets 
of miR168, miR393, miR400, or miR778 were also up-regulated during globular stage of 
embryo development (Nodine and Bartel, 2010). 
 SPL10 (Squamosa Promoter-Binding Protein-Like10) and SPL11, targets of miR156 
were highly up-regulated, which resulted in premature occurrence of late seed developmental 
programs (Nodine and Bartel, 2010). Similarly, reduced levels of miR160 resulted in over-
accumulation of ARF10, 16 and 17 that altered auxin homeostasis leading to defects in embryo 
symmetry (Mallory et al., 2005). Altered expression of regulatory modules that include 
miR164:CUC1/CUC2, miR159a/b:MYB33/MYB65, miR172:APETALA2/AP2 and 
miR167:ARF6/ARF8 are also essential for embryo development, seed size/weight/yield and 
seed dispersal (Laufs et al., 2004, Jofuku et al., 2005, Allen et al., 2007, Todesco et al., 2010). 
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1.4.4 MicroRNAs: Phytohormone signalling 
MicroRNAs modulate phytohormone signalling pathways in plants by regulating the 
transcription factor activity (Figure 1.6). In Arabidopsis, auxin mediated signalling was 
controlled by miR160, miR167 and miR390. Of these, miR160 was found to regulate 
ARF10/16/17 (Mallory et al., 2005, Liu et al., 2007), while miR167 targets ARF6/8 (Wu et al., 
2006). Furthermore, regulation of auxin inducible GRETCHEN HAGEN3 (GH3) by miR160 
and miR167 results in modulation of jasmonate homeostasis (Mallory et al., 2005, Gutierrez et 
al., 2012). Studies have also shown that expressing a miR160 resistant form of ARF10 has 
shown increased expression of ABA-related genes and hypersensitivity to ABA suggesting 
auxin mediated activation of ABA response (Liu et al., 2007). In plants, auxin signalling in 
also modulated by miR390 through the production of tasi-RNA from TAS3 mRNAs, which 
then regulate the expression of ARF2, 3 and 4 (Williams et al., 2005a). MiR390 was found to 
be critical for regulating auxin signalling during lateral root development, vegetative-phase 
transition and flower development (Fahlgren et al., 2006, Hunter et al., 2006). Finally, miR319 
was found to regulate the expression of TCP transcription factors, which are known to control 
jasmonate biosynthesis during leaf morphogenesis and senescence (Schommer et al., 2008). 
During flower development, expression of a miR319 resistant version of TCP4 led to defects 
in petal and stamen growth in Arabidopsis, which suggests the important role of miR319 in 
regulating TCP transcription factors and jasmonate biosynthesis during floral organ 
development (Nag et al., 2009). Overall, these studies suggest miR160/miR167/ARF 
regulatory network acts as central regulators of AUX, JA and ABA hormonal cross-talk in 
Arabidopsis. Similarly, miR390 and miR159 regulate auxin and jasmonate signalling during 
reproductive transition and flower development in plants. 
37 
 
  
Figure 1.6 Schematic representation of conserved miRNA families that are involved in the 
regulation of various phytohormone signalling pathways.  
 
Interestingly, phytohormones are shown to regulate the expression of microRNAs during 
different stages of plant development. Mutation in HYL1 gene that encodes dsRNA binding 
protein involved in maturation of pri-miRNAs, resulted in impaired responses of plant to auxin, 
ABA and cytokinins (Lu and Fedoroff, 2000). Additionally, GAs were found to regulate the 
expression of miR159 during anther development (Achard et al., 2004), while auxin induces 
accumulation of miR164  (Guo et al., 2005)and ABA induces expression of miR159 during 
seed germination (Reyes and Chua, 2007).  
Taken together, these data indicate miRNAs such as miR159, miR160, miR172, miR390 
and miR393 being involved in drought responses, flower and seed development by controlling 
the components phytohormone signalling.  This suggests the presence of common regulatory 
pathways for controlling reproductive development under water deficit conditions. However, 
TIR1 auxin 
receptor
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no study was focused on understanding the regulation of these miRNAs during reproductive 
development in chickpea under drought stress. Hence, expression profiling of the miRNAs and 
integrated miRNA mRNA expression analysis will provide a better understanding of regulatory 
networks that can be potentially exploited to enhance drought tolerance in chickpea. 
1.5 Molecular breeding for drought tolerance 
Conventional breeding approaches have not been entirely successful in improving drought 
tolerance in chickpea due to its poor heritability. Molecular breeding has been targeted as an 
alternative strategy for improving the drought tolerance. Understanding the genetic basis and 
identification of molecular markers for drought traits has been the main focus to improve 
drought tolerance in chickpea (Varshney et al., 2014). Extensive research during the last decade 
resulted in the development of large scale genomic resources for understanding complex traits 
in chickpea. 
During last five years, > 3,000 microsatellites or simple sequence repeats (SSRs), 
Diversity Array Technology (DArT) arrays and single nucleotide polymorphism (SNP) 
markers were developed in chickpea (Varshney et al., 2009a, Thudi et al., 2011, Hiremath et 
al., 2012). These studies were mainly focused on biotic stress tolerance in chickpea. Very few 
studies were focused on understanding the genetic basis of drought tolerance in chickpea 
(Thudi et al., 2014b, Varshney et al., 2014). Identification and mapping quantitative trait loci 
(QTLs) for has been a major area of focus for drought tolerance traits in chickpea. A 
comprehensive association mapping to understand the genetic basis of drought tolerance has 
been conducted to identify 312 marker trait associations (MTAs) for drought tolerance in 
chickpea (Varshney et al., 2014). Recently, genotyping-by-sequencing approach was adopted 
to refine a "QTL-hotspot" region that harbors several QTLs for drought related traits. QTL 
analysis based on genetic mapping and precise phenotyping of 20 traits identified 49 SNP 
markers in the "QTL-hotspot" region along with 164 main-effect QTLs including 24 novel 
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QTLs (Jaganathan et al., 2015). Advent of Genome Wide Association Study (GWAS) will lead 
to screening of large number of accessions to identify genetic variation for complex traits like 
drought tolerance. Understanding the expression of drought responsive gene(s) and gene 
networks complemented with previously developed genetic resources will enhance the 
development of chickpea varieties with increased tolerance to drought stress. 
1.6 Functional genomic approaches for drought tolerance in chickpea 
1.6.1 Advent of whole genome sequencing (WGS) 
Whole genome sequencing offers unparalleled advantage for functional genomics and 
molecular breeding by enabling us to understand the plant genome structure and dynamics of 
molecular evolution. Identification of genes and proper annotation of completed genome will 
offer unprecedented advantage to researchers by providing genomic tools and platforms for 
gene mapping, isolation and molecular breeding. Several genomes of model plants like 
Arabidopsis (The Arabidopsis Genome Initiative), Medicago truncatula (Young et al., 2011), 
Lotus japonicus (Sato et al., 2008) and crop plants of agronomical importance have already 
been sequenced using different sequencing technologies. Whole genome sequencing of Oryza 
sativa (Goff et al., 2002, Yu et al., 2002), Sorghum vulgare (Paterson et al., 2009), was done 
using Sanger sequencing. Further, a number of plant genomes were sequenced using NGS 
technologies which include Cucumis sativus (Huang et al., 2009), Ricinus communis (Chan et 
al., 2010), Glycine max (Schmutz et al., 2010), Cannabis sativa (van Bakel et al., 2011), 
Phoenix dactylifera (Al-Dous et al., 2011), Theobroma cacao (Argout et al., 2011) and Cajanus 
cajan (Varshney et al., 2012a). 
Further, multiple genomes have been sequenced for various species including: multiple 
genomes have been sequenced for several species including: Arabidopsis (Cao et al., 2011, 
Gan et al., 2011), Oryza sativa (Huang et al., 2013), Zea mays (Lai et al., 2010, Jiao et al., 
40 
 
2012), Glycine max (Kim et al., 2010, Lam et al., 2010), Medicago truncatula (Branca et al., 
2011). 
A draft chickpea genome was published recently which consists of 738 Mbp draft 
whole genome shotgun sequence of kabuli chickpea variety CDC-frontier (Varshney et al., 
2013). The sequence contains an estimated 28,269 genes. 544.73 Mb of sequence data was 
assembled, capturing of 73.8% of the genome in scaffolds. Availability of whole genome 
sequence will greatly enhance the RNA-Seq based quantification of drought responsive gene 
expression in chickpea. 
1.6.2 Transcriptomics for drought tolerance 
Hybridization based gene expression studies were extensively used to unravel the key genetic 
processes involved in drought tolerance of legumes. Several studies have employed Gene Chip 
Genome Arrays for studying developmental pathways in model legumes like Lotus japonicus 
(Verdier et al., 2013) and Medicago truncatula (Pang et al., 2009).  Drought responsive gene 
expression studies in soybean using Gene chip arrays led to the identification of candidate 
genes for drought tolerance (Le et al., 2011, Le et al., 2012). In chickpea, subtractive 
suppressive hybridization in combination with differential DNA array hybridization was used 
to study gene expression during drought stress and identified 101 drought inducible transcripts 
(Boominathan et al., 2004). Use of “Pulse Chip” microarray led to identification of gene 
expression in response to identify the genes expressed in response abiotic stresses such as 
drought, cold, and high salinity (Coram and Pang, 2006). Microarray based gene expression 
profiling of drought tolerant and susceptible chickpea genotypes under drought, cold, and high 
salinity was performed (Mantri et al., 2007). A 768-feature microarray comprising chickpea 
cDNAs (559), grasspea cDNAs (156), lentil resistance gene analogues (RGAs) (41) and 
controls (12) were designed by (Mantri et al., 2010) to explore abiotic stress responsive 
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transcripts in chickpea. Hybridization based gene expression studies are currently being 
superseded by sequencing based gene expression platforms. 
Sequencing based gene expression studies mostly comprise of Serial analysis of gene 
expression (SAGE), massively parallel signature sequencing (MPSS), Sanger based ESTs and 
Next generation sequencing (NGS) platforms. In chickpea, SuperSAGE was used to investigate 
drought and salt stress transcriptomes by analyzing 360,000 transcripts representing 40,000 
unique mRNAs to identify 3000 drought responsive transcripts. In another study, 
deepSuperSAGE was used to identify 80,238 tags representing 17,493 unique transcripts were 
identified in drought and salt stressed roots of chickpea (Molina et al., 2008, Molina et al., 
2011). Sanger based ESTs were also used for digital gene expression (DGE) studies 
(Sreenivasulu et al., 2002). Most of these platforms have now become obsolete and replaced 
by NGS technologies. 
Advent of NGS technologies has tremendously increased the depth and quantification 
of gene expression, which can be achieved using RNA-Seq. The increased efficiency of RNA-
Seq for identification of differentially expressed genes when compared with microarrays has 
been clearly demonstrated by (AC't Hoen et al., 2008). RNA-Seq is now being extensively used 
for quantification the gene expression and detection of novel gene isoforms, Intergenic 
transcripts, splice variants, allelic specific expression and single nucleotide polymorphisms 
(SNPs). 
In legumes, high-throughput next generation RNA-seq has been extensively used to 
identify differential gene expression across various species under different biotic and abiotic 
stress conditions (O'Rourke et al., 2014). It has been used to develop genetic markers in L. 
culinaris (Kaur et al., 2011), Arachis hypogea (Zhang et al., 2012) and Phaseolus vulgaris 
(Kalavacharla et al., 2011). RNA-seq has also been used to study plant development, stress 
acclimatization, N-fixation in Glycine max (Bolon et al., 2014, Libault et al., 2010, Severin et 
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al., 2010a, Severin et al., 2010b, Atwood et al., 2014), M. sativa (Yang et al., 2011), L. albus 
(O’Rourke et al., 2013) and M. truncatula (Boscari et al., 2013). Micro RNA-seq has been 
applied to identify legume specific miRNAs in common bean, Phaseolus vulgaris (Peláez et 
al., 2012), M. truncatula (Lelandais-Brière et al., 2009, Simon et al., 2009) and Glycine max 
(Turner et al., 2012, Song et al., 2011a). 
In case of Chickpea, (Hiremath et al., 2011) used RNA-seq to identify significant 
expression changes in 2974 TUSs under drought stress, of which 2823 were associated with 
gene ontology annotations. Transcriptome dynamics during chickpea flower development was 
studied using RNA-seq to reveal stage specific expression of genes and transcription factors 
involved in flower development (Singh et al., 2013). Recently (Garg et al., 2014, Garg et al., 
2016) performed transcriptome analyses of genes involved in transcriptional regulation, energy 
metabolism, photosynthesis, hormonal responses and secondary metabolism in chickpea in 
response to multiple abiotic stresses. However, no studies were performed to understand the 
genotype- and stage-specific transcriptome changes in the roots and reproductive tissues during 
various stages of plant development in response to drought stress.   
1.7 Rationale 
Chickpea, the second most cultivated pulse crop is adversely affected by drought stress, which 
causes more than 50% reduction in the yields (Ahmad et al., 2005, Varshney et al., 2010b). 
Drought stress is a complex phenomenon and has multitude of effects on plant growth and 
reproduction. Given the narrow genetic variation of the cultivated chickpea and the complexity 
as well as unpredictability of drought stress, breeding for drought tolerance has always been a 
challenging task (Udupa et al., 1993). Further, Molecular Assisted Selection (or MAS) was 
partially successful in developing molecular markers for drought related traits in chickpea 
(Thudi et al., 2014b, Varshney et al., 2014). However, tolerance exhibits a complex quantitative 
inheritance influenced by both genetic and environmental interactions. This presents a major 
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obstacle for successful exploitation of molecular markers for enhancing drought tolerance in 
chickpea.  
 Understanding the transcriptome changes at the genome-scale will provide a better 
understanding of the complex molecular mechanisms being activated in response to drought 
stress. Employing microarray technology, few studies were performed to understand large-
scale transcriptome changes in response to various abiotic stresses in chickpea. The major 
constraint for these studies was the unavailability of the whole genome sequence of chickpea 
to help decipher the complex gene networks involved in drought tolerance. The advent of NGS 
(Next-generation sequencing) technology led to the sequencing of whole genome and 
transcriptome of chickpea (Garg et al., 2011, Varshney et al., 2013). Based on this, few studies 
have focused on understanding the genome-wide stress responsive transcriptome changes in 
chickpea (Garg et al., 2016). However, no studies were focussed on understanding the genome-
wide transcriptome changes in the roots and reproductive tissues during different 
developmental stages. Deciphering the transcriptome changes during various stages of plant 
development in the root and reproductive tissues will unravel novel gene networks that are 
responsive to drought stress. In addition, these genes can be potentially exploited to enhance 
drought stress tolerance in chickpea. Furthermore, no reports exist on deciphering post-
transcriptional regulation of miRNAs during reproductive development under drought stress. 
Considering the gaps in knowledge regarding the molecular mechanisms underlying root and 
reproductive growth during drought stress and the opportunities for study identified in this 
review, the aims of the study were to:  
1. Design physiology assay to challenge two chickpea genotypes with contrasting      
tolerance to drought stress. Challenge a group of tolerant (ICC 8261) and sensitive 
genotypes (ICC 283) and analyse the differential gene expression in the roots during 
three stages of plant development (30, 50 and 70 Days after sowing). Further, identify 
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the molecular mechanisms that may be involved in phenotypic divergence observed 
between both genotypes in response to drought stress. 
2. Challenge a second group of tolerant (ICC 8261) and sensitive genotypes (ICC 
283) with drought stress and analyse the differential gene expression during five 
reproductive stages [Shoot Apical Meristem (SAM); Flower Bud (FB); Partially 
Opened Flower (POF); Fully Opened Flower (FOF); Young Pod (YP)]. In addition, 
identify the potential molecular mechanisms that help maintain normal reproductive 
development under drought stress. 
3. Identify three reproductive stages that are most vulnerable to drought stress based on 
previous literature and the results from Aim 2. Sequence the small RNA component 
from both tolerant and sensitive genotypes. Identify the drought-responsive conserved 
and novel microRNAs and perform differential expression analysis. Furthermore, 
perform integrated miRNA mRNA expression analysis to identify putative regulatory 
modules that play an important role in maintaining normal reproductive development 
during drought stress.
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2 CHAPTER 2 
Genome-wide transcriptome profiling of drought-responsive gene expression in 
the roots during different developmental stages in drought-tolerant and -sensitive 
chickpea genotypes 
2.1 INTRODUCTION 
Plant response to drought stress is complex and diverse, and every gene involved, from stress 
perception to signal transduction and functional involvement plays a critical role in a 
coordinated response network. Investigating the genome-wide expression profile of mRNAs at 
different plant growth stages is critical in deciphering the molecular mechanisms involved in 
stress adaptation. Drought stress is one of the major constraints affecting chickpea production 
and yield stability in most chickpea growing regions around the world (Krishnamurthy et al., 
2010). Majority of chickpea crop is cultivated in rain-fed condition where the plant depends on 
leftover soil moisture for its survival and reproduction; therefore drought is a major concern 
(Kumar and Abbo, 2001). It is responsible for yield loses of up to 50% and has stagnated the 
productivity during the past six decades (Varshney et al., 2010a). Predicted rise of global 
temperature by 2.5 to 4.3°C (Solomon et al., 2007) will likely increase the severity of drought 
and further reduce chickpea yield globally. The global chickpea consumption has been 
projected to increase from 8.6 million tons to 17 million tons by the end of this decade (Abate 
et al., 2012) and drought stress remains a major challenge to improving productivity. Therefore, 
there is an urgent need to develop high-yielding chickpea varieties with improved drought 
tolerance (Krishnamurthy et al., 2013). 
Previous physiological studies have reported that extensive root depth, root biomass 
and root density result in increased seed yield under terminal drought conditions (Ludlow and 
Muchow, 1990, Subbarao et al., 1995, Turner et al., 2001, Kashiwagi et al., 2005). Increased 
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root length and root density enhances the capability of plants to absorb relatively more water 
from deeper soils and/or absorb water relatively rapidly. Further, prolific rooting during early 
stages of chickpea development has been suggested to be advantageous as the increased root 
length density (RLD) allows mining of water from deeper soil profiles during late stages of 
plant development (Krishnamurthy et al., 1996, Kashiwagi et al., 2006). The ability of root 
system to extract water during reproductive stages of plant development also plays a crucial 
role since crop reproductive success depends largely on sustained water availability during the 
reproductive growth stage (Merah, 2001, Kato et al., 2008). Shortage of water during flower 
development and pod formation leads to drastic decrease in the yields (Leport et al., 2006, Fang 
et al., 2009). Further, a recent study revealed that drought tolerant genotypes had a lower water 
uptake and lower stomatal conductance at the vegetative stage than sensitive ones, which 
increased after flowering with no major variation in root growth components (root density, root 
length, root diameter and root dry weight) (Zaman-Allah et al., 2011). 
Comprehensive analysis of genes associated with drought response in chickpea roots 
should therefore allow us to elucidate the molecular mechanisms involved in adaptation to 
drought stress. Once identified, candidate genes can be used for enhancing drought tolerance 
via molecular breeding and gene manipulation technologies. Few studies have previously 
attempted to identify drought responsive genes in chickpea roots. These involve generation of 
expressed sequence tags (ESTs) for various root traits (Sreenivasulu et al., 2002, Buhariwalla 
et al., 2005, Jayashree et al., 2005) followed by detailed analysis of 6,404 unigenes (Varshney 
et al., 2009b). Further, superSAGE was used to identify differential regulation of 8412 uniTags 
in chickpea roots in response to drought stress (Molina et al., 2008). More recently, microarray 
was used by (Wang et al., 2012) to identify 4815 unigenes and 110 pathways being significantly 
regulated in the roots and leaves of chickpea seedlings under drought stress. Other functional 
genomic studies have also employed chickpea based microarrays for identification of genes 
47 
 
conferring salinity, cold and drought tolerance (Boominathan et al., 2004, Coram and Pang, 
2006, Mantri et al., 2007). 
The aforementioned studies were able to provide the basic insights into the regulation 
of gene expression in chickpea under drought stress. They highlight that drought stress 
response is very complex and involves regulation of multiple gene and transcriptional 
networks. Understanding the regulation of these complex networks is essential for 
identification of candidate genes involved in drought tolerance. Advent of Next Generation 
Sequencing (NGS) and recent availability of chickpea reference genomes (Jain et al., 2013, 
Varshney et al., 2013) now allow opportunity  to analyse global gene expression (Singh et al., 
2013, Garg et al., 2014) that was not possible earlier. Using this technology, more thorough 
analysis can be performed to understand the regulation of complex molecular mechanisms 
involved in the adaption of chickpea roots to drought stress. 
The present study focuses on the elucidating physiological and transcriptomic bases of 
root development as a means for drought tolerance. By employing RNA-Seq, we performed 
time-course comparison of expression changes in two chickpea genotypes contrasting for 
drought tolerance during various stages of plant development. We analysed the dynamic 
changes in transcriptional networks, genes involved in phytohormone biosynthesis and 
signaling. We provide a list of possible candidate genes and mechanisms associated with 
drought tolerance that can be exploited in chickpea crop improvement programs
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2.2 MATERIALS AND METHODS 
2.2.1 Plant Materials, Growth Conditions and Physiology experiment 
Two chickpea (Cicer arietinum L.) cultivars ICC 283 (desi type) and ICC 8261 (kabuli type), 
with contrasting levels of drought tolerance were selected. The phenotypic divergence tolerant 
(ICC 8261) and susceptible (ICC 283) genotype is attributed to their prolific and shallow root 
systems, respectively (Kashiwagi et al., 2005, Kashiwagi et al., 2006). The plants were grown 
in 27 cm polypropylene pots containing 9.5kg of soil under controlled environmental 
conditions with air temperature regulated between 23°C and 28°C (night/day). The experiment 
was a 3 X 2 X 2 completely randomized block design (three time points, two genotypes and 
two treatment conditions). Three independent biological replicates were designated for 
each genotype during all three time points and both treatment conditions. Therefore, for 
each genotype, 36 pots were used and randomly designated to one of two treatments: Well-
watered control (WW) and drought-stressed (DS). Well-watered (WW) pots were maintained 
at optimum levels like 95% of the available soil water fraction (ASWF) by irrigating on 
alternate days. Drought stressed (DS) pots were maintained at 1.0 or (100%) ASWF at sowing 
and brought down to 0.7 or (70%) ASWF. Fifteen days before the sampling, a regulated dry 
down was conducted by covering the pot surface with plastic beads. The pots were weighed 
every day and excess water was added back over the minimum individual transpired. Plant 
tissues were sampled when the soil reached 0.25 to 0.20 actual transpirable soil water (ATSW).  
Root tissues for RNA-Seq were sampled from WW and DS treatments at three-time 
point’s viz., 30, 50 and 70 days after sowing (DAS). For each time point there were six pots 
per genotype per treatment. Six pots were pooled into sets of two and each set was for tissue 
sampling and destructive physiological observations respectively. Various physiological 
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parameters were determined at three sampling stages which included root dry weight, shoot 
dry weight, root length, surface area (roots), average diameter (roots), root volume, relative 
water content (RWC), soil water content (SWC), SPAD chlorophyll meter reading (SCMR) 
and specific leaf area (SLA). The root tissues were also stored in RNA later (Thermofisher 
Scientific, USA) for further use. 
2.2.2 RNA isolation, Ion Proton Sequencing and Quality Control 
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Germany) with in-house 
modifications. The qualitative and quantitative assessment of total RNA was done using 
Nanodrop Lite Spectrophotometer (Thermofisher Scientific, USA) and the integrity was 
assessed using Bioanalyzer 2100 (Agilent technologies, USA). RNA samples with a 260/280 
absorbance ratio between 2.1 to 2.2, 260/230 absorbance ratio between 2.0 to 2.5 and RIN 
(RNA Integrity Number) of more than 7.0, were used for library preparation and sequencing. 
The samples were then enriched for mRNA using MicroPoly(A)Purist Kit (Thermofisher 
Scientific, USA) following the manufacturer’s protocol. The RNA-Seq libraries were prepared 
using Ion Total RNA-Seq Kit v2 (Thermofisher Scientific, USA) according to manufacturer’s 
instructions. The libraries were then sequenced using Ion Proton System (Thermofisher 
Scientific, USA). The reads obtained were single end and length varied from 50-265bp with an 
average of ~80bp after removal of low quality reads and primer/adapter sequences 
(QUADTrim; https://bitbucket.org/arobinson/quadtrim). A total of 33 RNA-Seq libraries 
were sequenced with each genotype being represented by two treatment conditions, three 
time-points and three biological replicates. 
NOTE: The root tissues of tolerant genotype were nor sequenced during RTS due to the 
degradation of total RNA. 
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2.2.3 Data processing and differential expression analysis 
Filtered reads were then mapped to Chickpea Reference Genome (Cicer arietinum v1.0; 
(Varshney et al., 2013) using Bowtie v2.2.3 (Langmead and Salzberg, 2012) and Tophat v2.1.1  
(Trapnell et al., 2009) with default settings based on chickpea genome annotation; mapped 
reads were then counted and summarized using HTSeq-count v0.61 (Anders et al., 2014). 
Count-based differential expression analysis was performed using edgeR package  in the R 
statistical environment (Robinson et al., 2010). The package employs an over-dispersed 
Poisson model is used to account for both biological and technical variability. Empirical Bayes 
methods are used to moderate the degree of over-dispersion across transcripts, improving the 
reliability of inference. It is optimized for experiments containing biological replicates. A 
stringent cut-off (p-value ≤ 0.001, FDR ≤ 0.05, log2 fold change ≥ +1.0 and ≤ -1.0), was used 
for selecting differentially expressed genes. 
2.2.4 Validation of RNA-Seq using Real-time PCR analysis 
To validate the differential expression changes, real-time PCR was performed on 9 randomly 
selected genes based on their expression changes from RNA-Seq data. 1 µg of total RNA was 
used to synthesize cDNA using QuantiTect Reverse Transcription Kit (Qiagen). Gene specific 
primers were designed using NCBI primer designing tool  (Primer blast: 
http://www.ncbi.nlm.nih.gov/tools/primer-blast). qRT-PCR was performed using Rotor-Gene 
Q (Qiagen) and QuantiNova SYBR Green PCR Kit (Qiagen). Reactions were performed in 
triplicates with 10 ng of cDNA, 0.7 µl of forward and reverse primers and 10 µl SYBR green 
master mix in a final volume of 20 µl for each reaction. Reaction conditions were maintained 
as default recommended by Qiagen. Further, melt curve analysis was performed by increasing 
the temperature from 55 to 95°C to assess the specificity of reactions. Relative fold changes 
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were calculated based on ΔΔCt method. Elongation factor 1 alpha (EF1α) was used as a control 
for normalizing expression changes. 
2.2.5 Gene Enrichment Analysis 
The protein sequences of chickpea genes retrieved from chickpea protein library 
(ftp://ftp.ncbi.nih.gov/genomes/Cicer_arietinum/protein/protein.fa.gz) were aligned against 
Arabidopsis protein sequences (ftp://ftp.arabidopsis.org/home/tair/ 
Sequences/blast_datasets/TAIR10_blastsets/TAIR10_pep_20101214_ updated) to find out the 
homologues. Then, the matched TAIR10 locus IDs were used as a query for agriGO to perform 
gene enrichment analysis (Du et al., 2010). The enriched GO terms were visualized using 
ReviGo (Supek et al., 2011). The Kyoto encyclopedia of genes and genomes (KEGG) database 
was used for mapping various DEGs involved in metabolic pathways (Kanehisa et al., 2010).
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2.3 RESULTS AND DISCUSSION 
2.3.1 Experimental design and Physiological analysis 
The design of our physiological experiment was based on a regulated dry-down that allows 
gradual decrease of water from the soil as witnessed by plants in the field condition. 
Progressive decrease in soil water content allows dynamic reprogramming of gene expression 
and helps the plants to initiate adaptive response to drought stress. This study was a tissue-
specific, time-course experiment focused on deciphering the physiological and transcriptomic 
variations in the roots of chickpea during various stages of plant development. Two chickpea 
cultivars, ICC 8261 and ICC 283 were chosen as they are amongst the most drought tolerant 
and susceptible genotypes, respectively from the world collection of 1500 chickpea genotypes 
(Saxena et al., 1993, Singh et al., 1994). Multiple field and glass house experiments have 
revealed difference in their root traits to be primary factor contributing to drought tolerance 
and sensitivity of these genotypes (Kashiwagi et al., 2005, Kashiwagi et al., 2006). Deep and 
prolific rooting system of drought tolerant ICC 8261 plays a critical role in extracting the 
moisture from deeper layers of soil whereas the short rooting system of drought susceptible 
ICC 283 makes it more susceptible towards drought. These genotypes have also been 
extensively studied to understand drought related root traits and associated QTL in chickpea 
(Gaur et al., 2008, Kashiwagi et al., 2006, Kale et al., 2015). Various physiological parameters 
viz., chlorophyll content, root dry weight, shoot dry weight, root volume, root surface area, 
root length, average root diameter, specific leaf area (SLA) and relative water content (RWC) 
were measured during all three stages under study to understand the physiological response of 
contrasting genotypes in response to drought stress. 
Physiological analysis revealed that under drought stress, chlorophyll content 
significantly increased during RTS (66.255 SPAD UNITS) of ICC 8261 compared to ICC 283 
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(54.955 SPAD UNITS) (Figure 2.1H). Increase in chlorophyll content at RTS may allow 
increased light harvesting and energy production. This increased energy during RTS may 
therefore allow drought tolerant ICC 8261 to produce more flowers leading to better yield 
compared to ICC 283. Further, during all the three stages, shoot dry weight was significantly 
higher in ICC 8261 with an exponential increase between RTS and RS (Figure 2.1G). Our 
current findings correlate with the previous study that showed an increase in the shoot biomass 
during flowering stage is correlated to the stability of chickpea yield under drought stress 
(Serraj et al., 2004). Interestingly, the root dry weight and root length were significantly higher 
in ICC 8261 during VS when compared to RTS and RS. However, an opposing trend was 
observed in ICC 283 with a significant increase during RS (Figure 2.1A, 2.1B). Root surface 
area showed a similar pattern of significant increase during early stages in ICC 8261 and during 
late stages in ICC 283. The early development of root biomass in response to drought during 
the vegetative stage, and yet again, production of consistently more shoot biomass particularly 
during the RTS rather than the RS, would theoretically make ICC8261 physiologically stronger 
and capable of producing more yield under drought stress (Figure 2.1C).  
Root diameter has been proposed to control length and surface area of root systems. 
Smaller root diameter enables plants to increase surface area in contact with soil water. It also 
increases hydraulic conductivity by decreasing the apoplastic barrier for water entering xylem 
(Comas et al., 2013). The average root diameter of ICC 8261 was comparatively lower in first 
two stages followed by a significant increase during the RS (Figure 2.1D). This suggests an 
early response of ICC 8261 towards drought stress. Our analysis also revealed that Specific 
leaf area (SLA) was comparatively lower in ICC 8261 during all the three time points (Figure 
2.1I). Reduction in SLA under drought stress has been suggested to be critical in improving 
water use efficiency (Wright et al., 1994, Craufurd et al., 1999). This implies an early and 
consistent drought response of ICC 8261 when compared to ICC 283. Relative water content 
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(RWC) was similar in both genotypes during all three stages (Figure 2.1F). Overall, these 
results indicate that early physiological response plays a critical role in conferring tolerance 
against drought in chickpea. Further, genotype and stage specific variation in root responses 
emphasize the importance of root traits in defining the drought response of chickpea. 
2.3.2 Transcriptome sequencing 
Understanding the dynamic changes in transcriptome is fundamental to deciphering the 
molecular mechanisms controlling plant growth, development and its response to external 
stimuli. Transcriptome analysis can also provide valuable information for discovery of genes, 
novel fusion transcripts and molecular markers (Ozsolak and Milos, 2011, Garg et al., 2011). 
We used RNA sequencing to compare the root transcriptomes of drought tolerant (ICC 8261) 
and susceptible (ICC 283) cultivars at three stages of plant development (vegetative, 30 DAS; 
reproductive transition, 50 DAS; and reproductive, 70 DAS). We sequenced a total of 33 
samples, with each genotype being represented by two conditions, three time-points and 
three biological replicates. A total of 0.74 billion reads were generated with the fragment 
sizes varying from 75 to 250 bp. The average number of reads per sample was ~24 million. 
Raw reads were filtered to remove low quality reads and primer/adapter sequences. Mapping 
of high quality filtered reads to chickpea reference genome was performed using Bowtie v2.2.3 
and Tophat v2.1.1. The python script ‘htseq-count’ was to generate and summarize read counts 
from the BAM files. The count files from three biological replicates were merged to create a 
count matrix for the analysis of gene expression in the two genotypes under two conditions at 
three time points. An R statistical package, edgeR was applied for differential gene expression 
analysis. 
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Figure 2.1 Physiological analysis of ICC 8261 and ICC 283 in response to drought stress during VS, RTS and RS.  (A) Root dry weight (B) Root 
length (C) Surface area (roots) (D) Average diameter (E) Root volume (F) Relative water content (G Shoot dry weight (H) Chlorophyll content (I) 
Specific leaf area (SLA). Well-watered counterparts are used as controls. Error bars are represented as standard errors (SE). Physiological data 
was obtained from three independent biological replicates for each genotype, time-point and treatment condition.
Figure 2.1: Physiological analysis of ICC283 and ICC8261 in response to drought stress during VS, RTS and RS. 
(A-I) Root dry weight, Root length, Surface area (roots), Average diameter (roots), Root volume, Relative water content, Shoot dry weight, 
Chlorophyll content, Specific leaf area (SLA). Well watered counterparts are used as controls. Error bars are represented by standard error (SE).
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2.3.3 Validation of RNA-Seq data by qRT-PCR 
qRT-PCR was performed to validate the RNA-Seq data. We performed qRT-PCR on same 
RNA samples that were used for next generation sequencing. A total of 8 genes were validated 
in both genotypes across all three time points under both conditions. The genes were randomly 
selected from the RNA-Seq data. Further, the ratio of expression levels from RNA-Seq was 
compared with expression levels measured using qRT-pCR. The results were significantly 
correlated with an average correlation value of R2 = 0.76 (Figure 2.2). These results clearly 
suggest reliability of expression change values provided by RNA sequencing. 
2.3.4 Expression changes in drought tolerant (ICC 8261) and sensitive (ICC 
283) genotypes 
During the VS, we observed 1214 differentially expressed genes (DEGs) being up-regulated 
and 947 DEGs being down-regulated in the tolerant genotype. Similarly, we found 821 and 
1052 DEGs being up and down-regulated in the sensitive genotype in response to drought stress 
(Supplementary Table 1.1). Further, Venn diagram analysis revealed only 61 DEGs that were 
up-regulated in tolerant and down-regulated in sensitive genotype, whereas 20 DEGs were 
down- and up-regulated in tolerant and sensitive genotypes respectively. Furthermore, 261 and 
262 DEGs were commonly up and down-regulated in both genotypes (Figure 2.3A).  
 During the RS, drought stress resulted in up-regulation of 2139 DEGs and down-
regulation of 1970 DEGs in the tolerant genotype, while 2038 and 1734 DEGs were up and 
down-regulated in the sensitive genotype. Of these, 1163 and 1059 DEGs were DEGs were 
commonly up and down-regulated between the two genotypes. Additionally, 19 DEGs were 
up and down-regulated in tolerant and sensitive genotypes, while 3 DEGs were down and up-
regulated in tolerant and sensitive genotypes respectively (Figure 2.3B). Taken together, this 
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preliminary analysis suggests diverse molecular mechanisms being activated/inactivated in 
contrasting genotypes during both VS and RS under drought stress. Finally, during the RTS, 
1254 DEGs were up-regulated and 2073 DEGs were down-regulated in the sensitive genotype.  
 To understand diversity and functional over-representation of various differentially 
regulated genes, singular enrichment analysis (SEA) was performed using AgriGO (Du et al., 
2010). GO analysis categorized the genes and gene products into three major categories: (1) 
Biological processes (BP), (2) Molecular function (MF) and (3) Cellular Component (CC). In 
order to investigate the enrichment of various processes in response to drought stress, GO 
analysis was performed on DEGs of both genotypes. The analysis revealed GO terms such as 
‘response to abiotic stimulus’ (GO:0009628), ‘cellular carbohydrate metabolic process’ 
(GO:0044262), ‘cellular nitrogen compound metabolic process’ (GO:0034641), ‘response to 
water deprivation’ (GO:0009414), ‘phosphate metabolic process’ (GO:0006796), ‘response to 
hormone stimulus’ (GO:0009725), ‘response to abscisic acid stimulus’ (GO:0009737),  
‘primary metabolic process’ (GO:0044238), ‘carboxylic acid metabolic process’ 
(GO:0019752), ‘phenylpropanoid metabolic process’ (GO:0009698), ‘transmembrane receptor 
protein tyrosine kinase signaling pathway’ (GO:0007169), ‘ kinase activity’ (GO:0016301),  
‘transcription factor activity’ (GO:0003700), ‘kinase activity’ (GO:0016301), ‘peroxidase 
activity’ (GO:0004601) and ‘transporter activity’ (GO:0005215) being commonly enriched in 
both genotypes during three stages (Appendix 1A/E).  
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Figure 2.2 qRT-PCR validation of DEGs during three stages in tolerant and sensitive genotypes.The correlation of the fold change obtained using 
qRT-PCR (x-axis) with fold change values of RNA-Seq (y-axis). For qRT-PCR analysis, three biological replicates were used for each 
genotype, time-point and treatment condition.
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Figure 2.3 (A) Venn diagram representing the stage and genotype specific regulation of up-regulated DEGs during VS and RS in ICC 8261 and 
ICC 283; (B) and down-regulated DEGs during VS and RS in ICC 8261 and ICC 283 (UR: Up-regulated; DR: Down-regulated)
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To investigate the diverse molecular mechanisms that were activated or inactivated in 
the tolerant and sensitive genotypes during drought stress, stage- and genotype-specific 
analysis of GO terms that were specifically enriched in DEGs of both genotypes was 
performed. During the VS, GO terms such as ‘plant-type cell-wall biogenesis’ (GO:0009832), 
‘response to ethylene stimulus’ (GO:0009723), ‘response to jasmonic acid stimulus 
(GO:0009753)’, ‘response to gibberellin stimulus’ (GO:0009739) and ‘organic acid 
transmembrane transporter activity (GO:0005342)’ were specifically enriched in tolerant 
genotype (Figure 2.4A). Interestingly, processes such as ‘photosynthesis’ (GO:0015979), 
‘chloroplast part’ (GO:0044434), ‘plastid part’ (GO:0044435) and ‘photosynthetic membrane’ 
(GO:0034357) were also specifically enriched in tolerant genotype (Appendix 1A). In sensitive 
genotype, GO terms such as ‘response to wounding’ (GO:0009611), ‘developmental growth’ 
(GO:0048589), ‘immune system process’ (GO:0002376) and ‘regulation of hormone levels’ 
(GO:0010817) were specifically enriched during the VS (Figure 2.4B). Overall, these results 
indicate a distinctive pattern of GO enrichment specific to the tolerant and sensitive genotypes 
during VS. The results also correlate with the previous studies that reported the marginal 
response of sensitive genotypes is attributed to their failure in optimal reallocation of resources 
for stress adaptation (Villiers et al., 2011, Zhang et al., 2012).  
During the RS, processes such as ‘cell-wall macromolecule metabolism’ 
(GO:0044036), ‘meristem development’ (GO:0048507), ‘root system development’ 
(GO:0022622), ‘response to gibberellin stimulus’ (GO:0009739) were specifically enriched in 
tolerant genotype, while ‘cellular catabolism’ (GO:0044248), ‘lipid biosynthesis’ 
(GO:0008610), ‘lignin biosynthesis’ (GO:0009809)’ and ‘carboxylic acid catabolism’ 
(GO:0046395) were enriched in sensitive genotype (Figure 2.4D/E).  Interestingly, GO terms 
related to phytohormone stimulus such as ‘response to auxin’ (GO:0009733), ‘response to 
ethylene’ (GO:0009723), ‘response to jasmonic acid’ (GO:0009753) and ‘response to salicylic 
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acid’ (GO:0009751) in both genotypes during RS (Appendix 1D/E). Finally, during RTS, GO 
terms such as ‘auxin metabolic process’ (GO:0009850), ‘plant-type cell wall loosening’ 
(GO:0009828), ‘response to sucrose stimulus’ (GO:0009744), ‘water transmembrane 
transporter activity’ (GO:0005372) and  ‘hyperosmotic salinity response’ (GO:0042538) were 
specifically enriched in sensitive genotype (Figure 2.4C).
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Figure 2.4 Genotype- and stage-specific enrichment of GO terms in (A) ICC 8261 – VS; (B) ICC 283 – VS; (C) ICC 283 – RTS; (D) ICC 8261 
– RS and (E) ICC283 - RS
A B C
D E
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2.3.5 Alterations in transcriptional activity in response to drought stress 
Precise transcriptional regulation of drought responsive genes is crucial for drought tolerance. 
Previous studies demonstrated the role of transcription factors as central modulators of stress 
responsive signalling in plants (Nakashima et al., 2009, Garg et al., 2014). To understand the 
role of transcription factors during drought stress, expression analysis of genes that encode 
various transcription factors was performed. Preliminary analysis revealed all major 
transcription factor families that include AP2/ERF, ARF, bHLH, bZIP, C2C2-Dof, C2H2, 
GRAS, MYB, NAC and WRKY were differentially regulated during all three stages in both 
genotypes (Figure 2.5) 
 
 
Figure 2.5 Top TF families represented in DEGs across VS, RTS and RS in ICC 8261 and 
ICC 283 
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In plants, drought responsive signal transduction involves activation of complex 
regulatory networks involving various TF families. The activation of these regulatory pathways 
is essentially mediated via ABA dependent [AREB/ABF (ABA-responsive element-binding 
protein/ABA-binding factor), MYC/MYB regulons)] and ABA independent [CBF/DREB 
(Cold-binding factor/dehydration-responsive element binding) regulons, the NAC and ZF-HD 
(zinc-finger homeodomain) regulon] pathways (Lata and Prasad, 2011). We observed members 
belonging to AREB/ABF and CBF/DREB regulons being differentially expressed in response 
to drought stress. Of these, a member of AREB/ABF TF family, ABI5 (LOC101506390 – 2.30 
fold↑) was specifically up-regulated during RS in the tolerant genotype. Further, members of 
DREB sub-family member such as a drought inducible DREB1A was up-regulated 
(LOC101511871: ICC283; VS – 5.02 fold↑, ICC283; RTS – 1.74 fold↑, ICC8261; RS – 1.27 
fold↑) during VS and RTS in sensitive and during RS in tolerant genotype, whilst a cold 
inducible DREB1C (LOC101491872: ICC8261; RS - 1.68 fold↑) was specifically up-regulated 
during RS in tolerant genotype. Therefore, simultaneous activation of both ABA dependent 
and independent pathway during RS in the tolerant genotype might lead to the induction of 
multiple regulatory networks that are capable of enhancing drought responsive gene 
expression. 
We also observed members of drought responsive transcription factors such as 
AP2/ERF, bHLH, bZIP, DOF, WRKY being significantly differentially regulated during the 
different growth stages. Members of these families were previously identified as potential 
candidates for conferring drought tolerance in various plant species (Nakashima et al., 2014). 
Of these, APETALA2 (AP2)/ETHYLENE RESPONSE FACTOR (ERF) are a large group of 
plant specific transcription factors that were shown to be induced by multiple stresses and 
various phytohormones (Mizoi et al., 2012). Few studies have characterized their role in 
ethylene biosynthesis (Zhang et al., 2009, Niu and Figueroa, 2011, Liu et al., 2010), as well as 
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their role in mediating jasmonic acid and ethylene signalling (Pré et al., 2008). The role of 
AP2/ERF proteins in abiotic stress tolerance has been extensively investigated by the recent 
studies in Medicago and Nicotiana (Zhang et al., 2005, Trujillo et al., 2008). In our study, 
members of AP2/ERF family such as ERF098 (LOC101502737 – 2.45 fold↓) and ERF062 
(LOC101510582 – 8.6 fold↓) were specifically down-regulated during VS in the tolerant 
genotype. During the VS, another member ERF113 (LOC101512295: ICC8261 – 2.27 fold↑, 
ICC283 – 4.7 fold↓) was conversely regulated between both genotypes. The ERF113 is known 
to be responsive to various stress induced phytohormones and during salt and drought stress 
conditions (Krishnaswamy et al., 2011). Contrasting regulation of ERF113 during VS clearly 
indicates varied drought response of tolerant and sensitive genotypes towards drought stress 
and early activation of stress induced hormone signalling in the tolerant genotype. 
WRKY family of TFs have been extensively studied for their role in adaptation to biotic 
and abiotic stresses (Ren et al., 2010). They mediate stress responsive signaling and alter the 
production of reactive oxygen species under stress (Yan et al., 2014). A member of WRKY 
family, WRKY33 (LOC101503578: ICC8261 – 5.09 fold↑, ICC283 – 4.5 fold↑) was up-
regulated during VS in both genotypes. In Arabidopsis, stress responsive WRKY33 was 
associated with downstream activation of detoxification enzymes such as peroxidases and 
glutathione s-transferases leading to scavenging of reactive oxygen species (ROS) during 
drought stress conditions (Jiang and Deyholos, 2009). Furthermore, members of the bHLH 
family such as VIP1 (LOC101494682: ICC8261; SAM – 1.09 fold↑, RS – 1.24 fold↑, ICC283; 
RS – 1.27 fold↑), bHLH93-like (LOC101489960: ICC8261; RS – 4.18 fold↑), bHLH18 
(LOC101507246: ICC8261; SAM – 1.61 fold↑, RS – 3.16 fold↑, ICC283; RS – 2.27 fold↑) 
and bHLH18-like (LOC101507557: ICC8261; SAM – 1.71 fold↑, RS – 3.03 fold↑, ICC283; 
VS – 2.69 fold↑) were up-regulated during VS and RS in tolerant genotype. Of these, VIP1 is 
known to activate stress responsive gene expression via mitogen activated protein kinase 
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MPK3 pathway (Pitzschke et al., 2009). Members of other transcription factor families like 
C2C2-Dof (LOC101496410, LOC101512379, LOC101496410), MYB (LOC101500866, 
LOC101509066, LOC101503477, LOC101490969, LOC101500181) and BTB/POZ and TAZ 
domain-containing protein 1 (LOC101498955) TF families were also specifically up-regulated 
in the tolerant genotype (Figure 2.6). Hence, increased expression of members belonging to 
AP2/ERF, WRKY, bHLH, C2C2-Dof and MYB families during VS and RS in tolerant 
genotype indicates the activation of genotype-specific molecular mechanisms that leads to the 
promotion of stress responsive gene expression and tolerance towards drought stress. 
 
Figure 2.6 Heatmap illustrating differential expression of members belonging to various 
drought responsive TF families. The scale colour at the top-left represents log2 fold change 
2.3.6 Genes related to signal transduction activity 
In plants, drought induced signal transduction plays a critical role in dynamic perception of 
stress signals and activation of drought responsive gene expression. During drought, stress 
signals are perceived through receptors that elicit the production of secondary messengers such 
as ROS and inositol phosphatases. The secondary messengers then modulate intracellular Ca2+ 
signals, which lead to the initiation of various phosphorylation cascades that in turn activate 
downstream drought responsive genes (Zhu, 2002b). Protein kinases (PKs) such as mitogen-
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activated protein kinases (MAPK), calcium-dependent protein kinases (CDPK), SNF1-related 
kinases (SnRK) and receptor-like kinases (RLK) are known to be actively involved in stress 
responsive signalling cascades. Here, we observed mitogen-activated protein kinase kinase 
kinase 1-like MEKK1 (LOC101493066: ICC8261; SAM – 1.86 fold↑, RS – 2.15 fold↑) being 
specifically up-regulated in tolerant genotype. In Arabidopsis, MEKK1 actively responds to 
osmotic stress and is also involved in glutamate signalling that elicits large scale changes in 
root architecture (Covic et al., 1999, Forde et al., 2013). Similarly, members of CDPK family 
such as CDPK-SK5 (LOC101512548: ICC8261; VS – 1.36 fold↑) and CDPK3 
(LOC101512470: ICC8261; RS – 1.11 fold↑) also showed increased expression specifically in 
tolerant genotype. In plants, stress responsive CDPKs are activated by the binding of 
intracellular Ca2+ to their calmodulin-like domain, which further regulates the activation of 
their downstream targets (Harper et al., 2004). In Arabidopsis, CPK3 is known to be involved 
in ABA-mediated signalling by phosphorylating ABA-responsive element binding factors 
(ABFs), thus regulating guard cell ion-channels and stomatal closure signalling (Mori et al., 
2006). We also identified CDPK4 (LOC101492192: RS; ICC8261- 2.54 fold↑, ICC283 – 2.59 
fold↑) being up-regulated during RS in both genotypes. In Arabidopsis and potato, CDPK4 is 
known to phosphorylate NADPH oxidase and regulate the production ROS during stress 
conditions (Kobayashi et al., 2007, Boudsocq et al., 2010).   
A recent analysis of AtGenExpress drought expression data set from Arabidopsis has 
identified the rapid activation of genes encoding Receptor-like kinases (RLK) during early 
stages of drought stress, which suggests their role in rapid response to drought stress (Kilian et 
al., 2007, Marshall et al., 2012). RLKs were also found to be potential candidates for conferring 
salt tolerance in Arabidopsis (Colette et al., 2011). Hence, we hypothesize that RLKs might 
play a crucial role conferring drought tolerance to chickpea. We identified a total of 21 RLKs 
being up-regulated in tolerant genotype. Of these, RLKs such as IMK2 (LOC101502785), 
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CRK25 (LOC101508862) and PERK4 (LOC101511071) were specifically up-regulated during 
VS, while PERK14 (LOC101510818) and HSL2 (LOC101509045) were up-regulated during 
RS in both genotypes (Figure 2.7). Previous studies have demonstrated the role of PERK4 as a 
modulator of ABA signalling during root tip growth, while HSL2 is involved in the regulation 
of cell separation during lateral root emergence (Bai et al., 2009, Kumpf et al., 2013). 
Therefore, increased expression of PERK4 and HSL2 might play an important role in root 
growth and lateral root formation during drought stress in chickpea. In addition to RLKs, we 
identified differential regulation of 7 wall-associated receptor kinases (WAKs). Of these, 
WAK-like 20 (LOC101515529) was specifically up-regulated during the VS (1.54 fold↑) and 
RS (1.85 fold↑) in the tolerant genotype (Figure 2.7). In plants, WAKs function as signalling 
molecules that communicate between the cell wall and cytoplasm (Kohorn, 2000, Verica et al., 
2003) and are also involved in various biotic and abiotic stress responses (He et al., 1998, Lally 
et al., 2001, Wagner et al., 1999, Anderson et al., 2001). 
Finally, a total of 16 CBL-interacting serine/threonine-protein kinases (CIPKs) in both 
genotypes during drought stress. Of these, CIPK1-like (LOC101510187) was specifically 
down-regulated during VS (9.03 fold↓) and RTS (1.77 fold↓) in sensitive genotype, while it 
was up-regulated during RS (1.27 fold↑) in tolerant genotype. In Arabidopsis, CIPK1 functions 
as key regulator of ABA dependent and independent signalling pathways by interacting with 
calcium sensors CBL1 or CBL9 (D'Angelo et al., 2006). Supporting this, we also observed 
down-regulation of CBL-like 1 (LOC101500790: ICC283; RTS – 1.12 fold↓) specifically in 
sensitive genotype (Figure 2.7). Overall, differential regulation of a large number of PKs 
indicate their active role drought responsive signalling in chickpea roots. In tolerant genotype, 
specific up-regulation of PKs like MKK1, CPK3, CDPK4, PERK4, HSL2, WAK20 and CIPK1 
during early and late stages plant development makes them potential candidates for tackling 
drought stress in chickpea.
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Figure 2.7 Heatmap representing differential expression of various protein kinases (PK), detoxification enzymes (DET) and respiratory burst 
oxidases (RBOH).The scale colour at the top-left represents log2 fold change
PK
DET
RBOH
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2.3.7 ROS production and detoxification 
Recent advances suggest that before detoxification, ROS (Reactive Oxygen Species) functions 
as signalling molecules during plants response to drought stress by sensing cellular redox state 
and in retrograde signalling (Kwak et al., 2003). The ROS mediated signalling was also found 
to interact with ABA signalling during plants response to drought stress. Thus it is essential for 
the plants to maintain a balance between ROS production and scavenging for successful 
adaptation to drought stress. In plants, respiratory burst oxidases (RBOHs) generates ROS and 
are involved in ROS mediated ABA and ethylene signalling (Kwak et al., 2003, Desikan et al., 
2006). Furthermore, RBOHH, a member of RBOH family showed increased expression in 
response to drought stress (Keller et al., 1998, Si et al., 2010). In our study, RBOHH 
(LOC101502622) and RBOHD (LOC101491892) were specifically down-regulated during VS 
in tolerant genotype, whereas RBOHE (LOC101508393) and RBOHA (LOC101511451) were 
up-regulated during RS (Figure 2.7). Overall, these results indicate that down-regulation of 
RBOHD and RBOHH during VS might lead to the inhibition of ABA-dependent ROS 
signalling allowing increased root growth under drought stress in tolerant genotype. 
 
Cytoplasmic accumulation of Ca2+ leads to the activation of ROS-producing enzymes 
(RBOHs) resulting in detrimental accumulation of ROS in the cells. Plants have evolved special 
mechanisms to balance ROS accumulation by producing detoxification enzymes. 
Detoxification mechanisms are broadly categorized into enzymatic detoxification comprised 
of superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT), and non-
enzymatic detoxification comprising ascorbic acid (AA) and glutathione s-transferase (GST) 
(Mittler et al., 2004). In our study, 4 GST genes such as (LOC101514835, LOC101508320, 
LOC101503639 and LOC101494097) were specifically up-regulated in tolerant genotype. 
Similarly, peroxidase genes (LOC101500893, LOC101510290, LOC101498384 and 
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LOC101512377) were also specifically up-regulated in tolerant genotype. Of these, 
PEROXIDASE 47 (LOC101498384: RS; ICC8261 – 1.65 fold↑, ICC283 – 1.86 fold↓) and 
PEROXIDASE 72-like (LOC101512377: VS; ICC8261 – 1.45 fold↑, ICC283 – 2.10 fold↓) 
were conversely regulated in tolerant and sensitive genotypes. Additionally, we also identified 
several PER genes being significantly down-regulated in sensitive when compared to tolerant 
genotype (Figure 2.7). Specific up-regulation of PER and GST genes in tolerant genotype 
suggests the activation of multiple detoxification mechanisms. Further, down-regulation of 
detoxification genes in sensitive genotype might lead to excessive accumulation of ROS 
resulting in detrimental effects on root growth. 
2.3.8 Genes related to transporter activity  
Dynamic transport of stress induced signalling molecules as well as ions and osmolytes play a 
crucial role during plants adaptation various stresses. Translocation of these biological 
molecules occurs either via passive transport mediated by ion-channels and carriers or through 
active transport mediated by ATP dependent primary and secondary transporters such as ABC 
and MFS transporters. In tolerant genotype, ABCB15-like (LOC101501233), ABCB19 
(LOC101512893) and ABCC12-like (LOC101490063) were up-regulated during VS, while 
ABCB15-like (LOC101489264), ABCB29 (LOC101493070), ABCG22-like (LOC101494791) 
were activated during RS (Figure 2.8).  ABC transporters are known to be associated with 
auxin transport, suberin formation, ABA transport and inorganic stress tolerance in the roots 
of Arabidopsis (Kang et al., 2011). In rice, they were suggested to be involved in water 
retention of leaf, pollen exine development, and production of phytic acid (Xu et al., 2009, 
Chen et al., 2011, Qin et al., 2013). They were also found to function in ABA export and 
intracellular ABA signalling (Kuromori et al., 2010).  
In response to drought stress, three bidirectional sugar transport proteins that include 
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bidirectional sugar transporters N3 (LOC101510607), SWEET1-like (LOC101515250) and 
SWEET4 (LOC101488443) showed increased expression in both genotypes (Figure 2.8). 
Along with these, sucrose transport protein-like (LOC101515228; RTS – 7.40 fold) and SUC8-
like (LOC101514670; RTS – 7.19 fold) were specifically up-regulated during RTS in sensitive 
genotype. In the roots of Medicago, cell type specific expression of SWEET11 was related to 
the supply of sugars to root cells involved in symbiotic association (Kryvoruchko et al., 2016). 
Furthermore, increased expression of SWEET12 and SUC2 during drought stress was 
associated with reallocation of more carbohydrates to the roots leading to efficient root 
development (Durand et al., 2016). Finally, we also observed increased expression of two dual 
affinity nitrate transporters, NRT1/ PTR FAMILY 3.1 (LOC101498251) and NRT1/ PTR 
FAMILY 5.6-like (LOC101497328) during RS in both genotypes. Hence, we propose the up-
regulation of multiple SWEET, SUC and NRT1/ PTR FAMILY genes might lead to increased 
sucrose accumulation, root nodulation as well as active root-to-shoot nitrate translocation under 
drought stress conditions.  
Apart from ABC transporters, passive transport of water by aquaporins also plays a vital 
role in regulating plant development and also in responding to external stimuli. In Nicotiana 
tabacum, genes encoding different members of aquaporin family were increasingly up-
regulated in response to drought stress (Mahdieh et al., 2008). Over-expression of OsPIP1-3  
in rice and SlTIP2-2 in tomato showed dramatic changes in plant water relations, enhancing 
transpiration and modifying leaf water potential maintenance under drought (Lian et al., 2004, 
Sade et al., 2009). Further, ABA is known to have a long lasting effect on root hydraulic 
conductivity via aquaporins, which helps the plants to maintain favourable plant water status 
(Parent et al., 2009). In the tolerant genotype, PIP2-1-like (LOC101488859) and TIP2-2 
(LOC101505621) were specifically up-regulated during VS and RS respectively (Figure 2.8). 
Hence, these results suggest that an increase in the expression of PIP2-1 and TIP2-2 might be 
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potentially associated with increased water up-take during VS and RS in the tolerant genotype. 
2.3.9 Regulation of nodulation under drought stress 
Legumes like chickpea are characterized by their ability to form symbiotic relationship with 
nitrogen-fixing “rhizobia” that leads to the formation of root nodules. A recent study has 
demonstrated significant delay in drought-induced leaf senescence in nodulated Medicago 
plants. The nodulated plants also recovered more effectively from drought, relative to non-
nodulated plants (Staudinger et al., 2016). Here, we observed two nodulation specific kinases 
that include putative nodulation receptor kinase (LOC101507037), calcium and 
calcium/calmodulin-dependent serine/threonine-protein kinase DMI3 (LOC101513751) being 
down-regulated during RS in both genotypes (Endre et al., 2002, Gleason et al., 2006). 
Similarly, nodulation-signaling pathway proteins 1/2 (NSP1/NSP2) that acts down-stream of 
DMI3 and regulate Nod-factor gene expression were also down-regulated during RS in both 
genotypes (Smit et al., 2005, Kaló et al., 2005). Finally, we found decreased expression of three 
NIN-like proteins (NLP) genes during VS and RS in both genotypes. In legumes, NLP genes 
are downstream targets of NSP1/NSP2 and are involved in the infection process during plant-
rhizobia interactions (Schauser et al., 1999). Interestingly, two receptor-like protein kinases 
that include LysM domain receptor-like kinase 3 LYK3 (LOC101496137) and receptor protein 
kinase CLAVATA1 (LOC101488348) were specifically up-regulated during VS in tolerant 
genotype (Figure 2.8). In Medicago, LYK3 acts as an entry receptor and regulates rhizobial 
infection as well as controlling a subset of Nod-factor induced genes (Smit et al., 2007). 
Similarly, CLAVATA1 is an ortholog to SUNN gene from Medicago, which is involved in 
regulating root length and nodulation (Elise et al., 2005).
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Figure 2.8 Heatmap illustrating the differential expression of various drought responsive families that include ABC-transporters (ABC), sugar 
transporters (ST), NRT1/PTR transporter family (NRT1/PTR), aquaporins (AQP) and nodulation related genes (NOD).The scale colour at the 
top-left represents log2 fold change.
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Taken together, up-regulation of LYK3 and CLAVATA1 indicates their potential role in 
establishing root nodulation and improve nitrogen assimilation during early root growth in 
tolerant genotype. 
2.3.10 Gene related to phytohormone biosynthesis and signalling 
In plants, mounting evidence suggests that a complex cross-regulatory interaction between 
various hormone pathways plays a vital role in successful growth and development as well as 
in adaptation to various biotic and abiotic stresses (Depuydt and Hardtke, 2011). 
Phytohormones are central regulators that link and reprogram complex developmental and 
stress adaptive signalling networks (Golldack et al., 2014). Drought induced regulation of 
genes involved in phytohormone biosynthesis and signalling can provide insights into their role 
in modulating root development and reveal potential candidates for conferring drought 
tolerance in chickpea. 
2.3.10.1 Auxin-related genes 
Recent developments suggest that root growth in plants is maintained by highly coordinated 
cross-talk between auxins (AUX), cytokinins (CK) and Ethylene (Aloni et al., 2006). In plants, 
differential auxin accumulation controlled by its biosynthesis, transport, perception and 
signalling plays a critical role in root development (Overvoorde et al., 2010). Hence, we 
analysed the expression of various genes involved its biosynthesis and signalling to identify 
the role of auxins during root development under drought stress. Our analysis indicated indole-
3-pyruvate monooxygenase YUCCA2 (LOC101489587), an enzyme involved in auxin 
biosynthesis was specifically down-regulated during the VS (4.3 fold↓) and RTS (8.01 fold↓) 
in sensitive genotype suggesting a decrease in auxin biosynthesis during early stages of root 
development under drought stress. In addition, genes involved in the regulation of auxin 
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responsive signalling such as auxin response factor (ARF) and auxin responsive proteins 
(AUX/IAA) were also found to be differentially regulated in both genotypes. A total of 9 ARF 
genes were differentially expressed with ARF19-like (LOC101498659: RS; ICC8261 – 1.10 
fold↑, ICC283 – 1.43 fold↑) being specifically up-regulated during RS in both the genotypes. 
Similarly, out of 5 AUX/IAA proteins that showed differential expression, we identified two 
genes such as IAA26-like (LOC101496793: VS – 1.18 fold↑) and IAA29 (LOC101498854: VS 
– 2.56 fold↑, RS – 1.42 fold↑) being up-regulated in tolerant genotype. Interestingly, we found 
three PIN (Auxin efflux carrier component) genes that include PIN1b (LOC101499345), 
PIN1c-like (LOC101491826) and PIN4 (LOC101502756) being specifically down-regulated 
during the RS in tolerant genotype (Figure 2.9). In Arabidopsis, PIN proteins function as auxin 
efflux carriers and are required for basipetal auxin transport, which in turn controls auxin 
gradients for normal organogenesis and lateral root formation (Benkova et al., 2003). In 
tolerant genotype, down-regulation of PIN genes might be associated with decreased root 
length and root surface area during the RS as observed during in our physiological study. 
2.3.10.2 Cytokinin-related genes 
Cytokinin has been extensively studied for its role in controlling root architecture and 
development. They are known to regulate the emergence and development of lateral roots, root 
apical meristem, primary and secondary vascular development and root nodulation (Aloni et 
al., 2006, Tirichine et al., 2007). In the present study, GO term ‘response to cytokinin’ 
(GO:0009735) was specifically enriched by the up-regulated DEGs during RS in the tolerant 
genotype. One the genes involved in cytokinin biosynthesis, IPT5 (LOC101499412; adenylate 
isopentenyltransferase 5) was specifically down-regulated during the VS, while it was up-
regulated during RS in both genotypes. Furthermore, AHP4 (LOC101495485; Arabidopsis 
Histidine Phosphotransfer 4) that regulates cytokinin signalling was found to be up-regulated 
77 
 
(LOC101495485: VS; ICC283 – 4.10 fold↑, RS; ICC8261 – 3.49 fold↑) during VS in sensitive 
and RS in tolerant genotype (Hutchison et al., 2006). Taken together, drought induced up-
regulation of IPT5 and AHP4 during RS indicates an active cytokinin signalling in tolerant 
genotype. Finally, we also observed a specific down-regulation of AHK5 (LOC101492661; 
Arabidopsis histidine kinase 5) during the VS in tolerant genotype (Figure 2.9). AHK5 acts as 
negative regulator of ETR1-dependent ABA and ethylene mediated inhibition of root 
elongation (Iwama et al., 2007). Therefore, drought induced down-regulation of AHK5 may 
promote early root growth in tolerant genotype.  
2.3.10.3 Ethylene-related genes 
During root growth, ethylene regulates the lateral root formation by modulating the 
biosynthesis and transport of auxins (Ruzicka et al., 2007). In response to drought stress, 
hormonal cross-talk between abscisic acid and ethylene is known to control shoot and root 
growth (Sharp and LeNoble, 2002). Here, ethylene-responsive transcription factors (ERFs) 
such as ERF1-like (LOC101511846) was specifically up-regulated during VS in tolerant 
genotype, whereas ERF2-like (LOC101491020) and ERF13-like (LOC101498159) were up- 
and down-regulated in tolerant and sensitive genotypes during RS (Figure 2.9). Of these, ERF1 
is known integrate ethylene and jasmonic acid signalling for defence against biotic stresses 
(Lorenzo et al., 2003). In addition, few studies have also demonstrated the role of ERF1 during 
plants response to both biotic and abiotic stresses (Lee et al., 2004, Xu et al., 2011). Taken 
together, these results indicate an active ethylene and jasmonate mediated stress responses 
might be important for early root development in tolerant genotype. Additionally, genotype- 
and stage-specific activation of ERF1, ERF2 and ERF13 indicates their potential role in 
controlling root development under drought stress in chickpea. 
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Figure 2.9 Heatmap representing differential regulation of auxin (AUX), cytokinin (CK), ethylene (ETH) and Abscisic acid (ABA) related 
genes. The scale colour at the top-left represents log2 fold change.
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2.3.10.4 ABA-related genes 
In plants, Abscisic acid (ABA) is considered as potential mediators of stress induced signalling 
and their activity is regulated by a complex cross-talk during their signal transduction pathways 
(Golldack et al., 2014). Of these, ABA acts as primary integrator of stress signalling and 
downstream gene expression in response to various abiotic stresses. Of the two ABA 
biosynthetic genes, we found NCED1 (LOC101492033; 9-cis-epoxycarotenoid dioxygenase 1) 
being specifically up-regulated VS and down-regulated during RS in the sensitive genotype, 
while NCED3 (LOC101505040; 9-cis-epoxycarotenoid dioxygenase 3) was specifically up-
regulated during RS in the tolerant genotype (Figure 2.9). In tolerant genotype, we also 
identified increased expression of abscisic acid 8'-hydroxylase 3-like CYP707A3-like 
(LOC101503447) during VS and abscisic acid 8'-hydroxylase 1-like CYP707A1-like 
(LOC101505927) during RS (Figure 2.9). CYP707A3 and CYP707A1 are known to be involved 
in oxidative degradation of ABA, which helps in maintaining optimal levels ABA during plants 
response to dehydration and rehydration (Umezawa et al., 2006). Furthermore, we also 
identified various components of ABA signalling such as ABA receptor complex 
(PYR/PYL/RCAR) and protein phosphatase 2C (PP2Cs) to be differentially regulated in both 
genotypes. During VS, two genes that encode abscisic acid receptor PYL4-like 
(LOC101508615/LOC101509736) were increasingly down-regulated in tolerant genotype, 
while two genes encoding protein phosphatases 2c PP2C (LOC101488329, LOC101506371) 
were specifically up-regulated in sensitive genotype respectively (Figure 2.9). However, during 
RS, PYL4-like (LOC101508615: RS; ICC8261 – 1.12 fold↑, ICC283 – 2.85 fold↓) was 
conversely regulated between tolerant and sensitive genotypes. In plants, PYL receptors 
function as cytosolic and nuclear ABA receptors that activate drought responsive signalling in 
the presence of ABA by direct inhibition of PP2Cs (Santiago et al., 2009). Hence, these results 
indicate that PYL4 is critical for activation or inhibition of ABA signals in chickpea roots. In 
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tolerant genotype, increased down-regulation of PYL4 and activation of CYP707A3 suggests 
inhibition of ABA signalling during VS, whereas up-regulation of NCED1, PYL4 indicates 
active ABA signalling during RS. As previously reported by (Luo et al., 2014), increased 
accumulation of ABA inhibits root growth by promoting ethylene biosynthesis. Supporting 
this, our results indicate that increased ABA and ethylene accumulation during RS in tolerant 
genotype might be associated with regulation of root length and root surface area as observed 
in our physiological study. 
2.3.10.5 Gibberellin-related genes 
During normal growth conditions, Gibberellins (GA) are known to promote root growth by 
controlling cell proliferation and elongation through the degradation of DELLA proteins (Fu 
and Harberd, 2003, Sun, 2010). However, accumulation of GAs during drought stress was 
negatively correlated with tolerance and had a major impact on lateral root growth (Achard et 
al., 2006). In our study, gibberellin 3-beta-dioxygenase GA3ox (LOC101498534, 
LOC101498875) were specifically down-regulated during VS in tolerant genotype (Figure 
2.10). GA3ox catalyses the conversion of GA20 to bioactive GA1 and their down-regulation 
suggests reduced GA accumulation in the roots of tolerant genotype. Further, an increased 
expression gibberellin 20 oxidase 2-like GA20ox (LOC101491937) was observed during RTS 
and RS in both genotypes (Figure 2.10). However, the expression gibberellin receptor GID1B-
like (LOC101492626: RS; ICC8261 – 1.45 fold↓, ICC283 – 4.61 fold↓) and DELLA proteins 
(LOC101507839, LOC101508270, LOC101494454, LOC101513638) decreased in both 
genotypes during all three stages in both genotypes (Figure 2.10). In plants, binding of DELLA 
proteins to GA receptor GID1 leads to their degradation and activates the function of GA (Tyler 
et al., 2004). 
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Figure 2.10 Heatmap showing the differential regulation of gibberellin (GA) and jasmonate (JAS) related genes. The scale colour at the top-left 
represents log2 fold change.
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Hence, these results indicate that GID1 and DELLA genes play a central role in GA mediated 
signalling and their repression might lead reduced GA responses thus attenuating its negative 
effects on chickpea roots during drought stress. Further studies need to be performed for the 
functional evaluation of DELLA proteins in chickpea to identify their role in drought stress 
tolerance. 
2.3.10.6 Jasmonate-related genes 
Jasmonates are a class of lipid-derived phytohormones that control various developmental and 
stress responsive processes (Wasternack and Hause, 2013). During drought stress, JA and ABA 
pathways were found to functionally converge and regulate stomatal closure and enhance stress 
tolerance (Savchenko et al., 2014). A recent study in chickpea has demonstrated the early 
activation of genes involved AOS pathway of jasmonate biosynthesis in a tolerant cultivar 
during drought stress (De Domenico et al., 2012). Supporting this, we observed genotype-
specific activation of genes involved in oxylipin biosynthesis (Lipoxygenases) during VS and 
RS in tolerant genotype. During VS, linoleate 9S-lipoxygenase-like (LOC101490986) and 
phospholipase A2-alpha-like (LOC101508624) were up and down-regulated in tolerant and 
sensitive genotypes respectively. Furthermore, two homologs of linoleate 9S-lipoxygenase 
(LOC101491298/LOC101491624) were also specifically up-regulated during RS in tolerant 
genotype (Figure 2.10). The JAZ (Jasmonate-Zim Domain) proteins that act as central 
repressors of JA signalling also showed increased expression in tolerant genotype (Figure 2.10) 
(Pauwels and Goossens, 2011). Activation of LOX and JAZ proteins indicate an active JA 
mediated signalling that modulate root growth during RS in tolerant genotype. Further, 
functional analyses of JAZ proteins will provide a better understanding of their role in root 
growth under drought stress. 
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Figure 2.11 Schematic representation of ABA and JA signalling during VS in tolerant 
genotype (ICC 8261). Red represents repression of genes; Green represents activation of genes; 
Hypothesized links are shown in dotted lines. 
 
Based on current finding, we hypothesize that the inhibition of ABA signalling during 
VS might be attributed to the early and strong rooting trait of tolerant genotype (Figure 2.11). 
During RS, active ABA signalling modulates the levels of CK, which might play a key role in 
the reduction of auxin transport by repressing the PIN genes (Figure 2.9) (Rowe et al., 2016). 
Additionally, GA is also known to modulate the expression of PIN proteins leading to the 
impairment of root gravitropic responses (Willige et al., 2011). During RS, GA receptor 
(GID1B) and DELLA proteins were repressed in both genotypes (Figure 2.10). However, we 
identified a marginal increase in root growth (root length and root surface area) of tolerant 
genotype, whereas a significant increase was observed in sensitive genotype (Figure 2.1B/C). 
Hence, tolerant-specific activation of ABA might control root growth in a GA-independent 
manner. In chickpea, conserved water use without a significant variation of root growth 
components is considered as an important root trait for drought tolerance (Zaman-Allah et al., 
2011). Hence, a hormonal-crosstalk between ABA, AUX and CK might form the molecular 
basis for conservative root growth during reproductive stages in tolerant genotype (Figure 
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2.12). 
2.4 CONCLUSIONS 
In conclusion, genotype and stage specific alterations in physiology and transcriptome of 
chickpea roots emphasize their critical role in the adaptation to drought stress. Increased 
differential expression of genes involved in various gene networks during reproductive 
transition (RTS) and reproductive stages clearly indicates a dynamic transcriptome 
reprograming in the roots during reproductive development. Clear differences in transcriptome 
responses of drought tolerant, ICC 8261 and drought susceptible, ICC 283 were identified. 
Genes encoding various drought responsive regulatory and functional proteins showed 
significantly altered expression in both genotypes with profound up regulation in drought 
tolerant genotype. Further, genes involved in transcriptional regulation (ERF113, ERF1, 
ERF13, VIP1, bHLH18, ABI5, CDF2, CDF3-like, DREB1A, DREB1B-like, MYB46, MYB114-
like, WRKY33 and RVE7), kinase activity (MAPK MKK1, CPK3, PERK4, HSL2 and CIPK1-
like), detoxification (GST, GST-L1-like, DHAR3, PER47, PER72-like), ROS signalling 
(RBOHD, RBOHH), transporter activity (ABCB19, ABCB12-like, ABCB15-like, ABCG22-like, 
PIP2-1, TIP2-2), nodulation (LYK3, CLAVATA1) and oxylipin biosynthesis (LOX) were 
specifically up-regulated in tolerant genotype making them ideal candidates for enhancing 
drought tolerance in chickpea. Altered expression patterns of various genes involved in various 
phytohormone biosynthesis and signalling led us to hypothesize the molecular basis for root 
traits important for drought tolerance in chickpea. 
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Figure 2.12 Representation of hormonal-cross talk during RS in tolerant genotype (ICC 8261).Red represents repression of genes; Green represents 
activation of genes; Grey arrows represent previously observed mechanisms; Hypothesized links are shown in dotted lines.
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3 CHAPTER 3 
Genome-wide transcriptome profiling of drought-responsive gene 
expression during various stages of reproductive development in drought-
tolerant and -sensitive chickpea genotypes 
3.1 INTRODUCTION 
Reproductive development in plants is the most vulnerable to drought stress. Till date, majority 
of studies investigating chickpea drought tolerance have focused on understanding the 
contribution of root traits to increased yield (Gaur et al., 2008). However, few studies have 
reported the disastrous effect of terminal drought stress on its reproductive development. For 
example, drought stress was found to negatively impact pollen tube growth and pollen viability 
resulting in flower and pod abortion (Fang et al., 2009, Pang et al., 2016). Exposure to drought 
stress during the early stages of reproductive development is known to either delay or 
completely inhibit floral development (Saini and Westgate, 1999).  In cereal crops such as 
wheat and rice, drought stress significantly affected flowering and early grain initiation 
(Barnabás et al., 2008). Similarly, drought stress led to embryo abortion in maize and 
transcriptomic studies on fertilized maize ovaries revealed molecular events related to ABA 
signalling and senescence were activated under drought stress conditions (Andersen et al., 
2002). Drought stress is also known to impact the normal development of male and female 
reproductive organs in plants. Although, the male reproductive organs are considered to be 
more vulnerable to drought stress, the female reproductive development is also severely 
impacted under extreme conditions. Understanding the role of various drought responsive 
molecular mechanisms and genes associated with these pathways will help to identify 
candidate genes responsible for maintaining normal reproductive development in chickpea 
under drought stress. 
At the molecular level, tolerance to drought stress is a multigenic trait. Genetic 
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complexity of drought tolerance compounded by the narrow genetic diversity of chickpea has 
led to limited success in the breeding of high-yielding chickpea cultivars with improved 
tolerance to drought stress (Udupa et al., 1993). Apart from breeding approaches, 
biotechnological approaches like over-expression of candidate genes or drought responsive 
transcriptional regulators also contributed in developing chickpea cultivars with enhanced 
tolerance towards drought stress (Anbazhagan et al., 2015). Multigenic nature of drought 
tolerance requires an extensive understanding of various molecular mechanisms that are 
dynamically regulated in response to drought stress. Several transcriptional regulators, 
components of phytohormone pathways and many gene families are co-expressed in order to 
orchestrate the precise changes required to establish tolerance at the cellular level. During 
vegetative growth, cellular responses to drought stress are mainly controlled via ABA 
(Abscisic acid) dependent and independent pathways (Yamaguchi-Shinozaki and Shinozaki, 
2006). However, molecular mechanisms underlying chickpea response to drought stress during 
different stages of reproductive development have not been elucidated.  
Flower development is one of the main regulatory mechanisms that underlie plant 
growth and reproduction. In Arabidopsis, researchers unravelled the key floral regulators and 
transcription factors that are involved in the control of floral morphogenesis. The floral identity 
and initiation are mainly controlled by members of the MADS-box family of transcription 
factors namely APETALA (AP1, AP2, AP3), PISTILLATA (PI) and AGAMOUS (AG) (Ma, 
2005). Other important genes such as the SPL/NZZ, EMS1/EXS, TPD1, MS1, AMS are 
necessary for anther development (Schiefthaler et al., 1999, Yang et al., 1999, Wilson et al., 
2001, Canales et al., 2002, Zhao et al., 2002, Yang et al., 2003, Sorensen et al., 2003, Ito et al., 
2004, Zhang et al., 2006). In addition, SHP, WUS, and SEP are involved in the female organ 
development (Long et al., 1996, Mayer et al., 1998, Liljegren et al., 2000, Pelaz et al., 2000, 
Honma and Goto, 2001, Lohmann et al., 2001, Pinyopich et al., 2003). However, in legumes, 
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the model of flower development does not follow the traditional ABC model of development 
as observed in Arabidopsis. Previous studies in legumes demonstrated the initiation of multiple 
primordia from a single common primordium, suggesting a single set of genes controlling the 
development of multiple floral organs (Tucker, 1987, Singh et al., 2013). Since, terminal 
drought stress is a major contributor to seed yield reduction in chickpea, understanding the 
various drought responsive molecular pathways underlying reproductive development will 
help in identification of potential gene or gene networks that can be successfully exploited for 
increasing drought tolerance.  
In chapter 2, significant transcriptome changes were observed during reproductive 
transition (RTS) and reproductive stages (RS) in the roots of both genotypes. This finding led 
to the development of a new hypothesis, where significant transcriptome reprogramming in the 
roots during reproductive stages may be associated with the onset of flowering and pod 
development under drought stress. To test this hypothesis, a physiological experiment was 
performed using drought tolerant (ICC 8261) and drought sensitive (ICC 283). It was 
randomized block design with 5 stages, 2 genotypes and 2 treatment conditions. This was 
followed by the sequencing of sixty RNA-seq libraries representing 5 stages of reproductive 
development namely, shoot apical meristem (SAM), Flower bud (FB), Partially opened flower 
(POF), fully opened flower (FOF) and young pod (YP). A total of 4272, 15082, 6067, 1399 
and 800 genes were differentially regulated during the above-mentioned stages in both 
genotypes, respectively. Further, gene enrichment, KEGG and network analysis revealed major 
molecular pathways and key genes involved in the regulation of drought tolerance during 
reproductive development in chickpea. 
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3.2 MATERIALS AND METHODS 
3.2.1 Plant Materials, Growth Conditions and Physiology experiment 
Two chickpea (Cicer arietinum L.) cultivars, ICC8261 (kabuli type) and ICC283 (desi type), 
with contrasting levels of drought tolerance were selected. The phenotypic divergence of the 
tolerant (ICC 8261) and susceptible (ICC 283) genotype was attributed to their prolific and 
shallow root systems, respectively (Kashiwagi et al., 2005, Kashiwagi et al., 2006). Plants were 
grown in 20 cm polypropylene pots containing 4 kg of soil under controlled environmental 
conditions with air temperature regulated between 23°C and 28°C (night/day). The experiment 
was a 5 X 2 X 2 completely randomized block design (five time points, two genotypes, and 
two treatment conditions). Three independent biological replicates were designated to each 
genotype during all five reproductive stages and both treatment conditions. For each 
genotype, 30 pots were used and randomly designated to one of two treatments: Well-watered 
(WW) control and drought-stressed (DS). The WW pots were maintained at the optimum water 
level of 80% field capacity by gravimetric analysis. The DS pots were also maintained at 80% 
FC at sowing. However, 15 days before the sampling, a regulated dry down was conducted by 
covering the pot surface with polythene sheets to prevent evaporation of water from the soil 
surface. Pots were weighed daily to ensure they lost only a fixed % of water leading to a gradual 
decrease in water content from 80% to 20% field capacity in 15 days. Any excess water lost 
on a particular day was replenished. Plant tissues at different developmental stages were 
sampled when the soil water content and leaf water potential of drought stressed plants reached 
15 - 20% FC and -0.7 to -0.85 MPa, respectively. 
Flower tissues from different stages of reproductive development were sampled from 
both, WW and DS pots. For each time point, there were three pots per genotype per treatment. 
The collected tissues were snap frozen in liquid nitrogen and immediately stored at -800C 
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freezer until used. 
3.2.2 RNA isolation, Ion Proton Sequencing and Quality Control 
Total RNA was extracted using Trizol reagent and purified using mirVana kit (Thermofisher, 
USA) with in-house modifications. The qualitative and quantitative assessment of total RNA 
was performed using Nanodrop Lite Spectrophotometer (Thermofisher Scientific, USA) and 
the integrity was assessed using Bioanalyzer 2100 (Agilent Technologies, USA). The RNA 
samples with a 260/280 absorbance ratio between 2.1 to 2.2, 260/230 absorbance ratio between 
2.0 to 2.5 and RIN (RNA Integrity Number) of more than 8.0, were used for library preparation 
and sequencing. The total RNA samples were enriched for mRNA using Dynabeads mRNA 
Purification Kit (Thermofisher Scientific, USA) following the manufacturer’s instructions. The 
RNA-Seq libraries were prepared using Ion Total RNA-Seq Kit v2 (Thermofisher Scientific, 
USA) according to the manufacturer’s instructions. The libraries were sequenced using Ion 
Proton System (Thermofisher Scientific, USA). The reads obtained were single end and length 
varied from 50-265bp with an average of ~80bp after removal of low-quality reads and 
primer/adapter sequences (QUADTrim; https://bitbucket.org/arobinson/quadtrim). A total of 
60 RNA-Seq libraries were sequenced with each genotype, reproductive stage and 
treatment condition being represented by three biological replicates. 
3.2.3 Data processing and differential expression analysis 
The filtered reads were mapped to the Chickpea Reference Genome [Cicer arietinum v1.0; 
(Varshney et al., 2013)] using Bowtie2.2.3 (Langmead and Salzberg, 2012) and Tophat2.1.1  
(Trapnell et al., 2009) with default settings based on chickpea genome annotation. The mapped 
reads were counted and summarized using HTSeq-count 0.61 (Anders et al., 2014). The count-
based differential expression analysis was performed using EdgeR package in R statistical 
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environment (Robinson et al., 2010). The package employs an over-dispersed Poisson model 
is used to account for both biological and technical variability. Empirical Bayes methods are 
used to moderate the degree of over-dispersion across transcripts, improving the reliability of 
inference. It is optimized for experiments containing biological replicates. A stringent cut-off 
(p –value ≤ 0.001, FDR ≤ 0.05 and log2 fold change ≤ -1.0 and ≥ +1.0), was used for selecting 
differentially expressed genes. 
3.2.4 Gene Enrichment and protein-protein interaction analysis 
The protein sequences of chickpea genes retrieved from chickpea protein library 
(ftp://ftp.ncbi.nih.gov/genomes/Cicer_arietinum/protein/protein.fa.gz) were aligned against 
Arabidopsis protein sequences (ftp://ftp.arabidopsis.org/home/tair/ 
Sequences/blast_datasets/TAIR10_blastsets/TAIR10_pep_20101214_ updated) to find out the 
homologues. Then, the matched TAIR10 locus IDs were used as a query for AgriGO to perform 
gene enrichment analysis (Du et al., 2010). The enriched GO terms were visualized using 
ReviGo (Supek et al., 2011). The Kyoto encyclopedia of genes and genomes (KEGG) database 
was used for mapping various DEGs involved in metabolic pathways (Kanehisa et al., 2010). 
The protein-protein interaction networks were built using STRING 10 database based on the 
best Arabidopsis hit (Von Mering et al., 2003). 
3.2.5 Validation of RNA-Seq using Real-time PCR analysis 
To validate the differential expression changes, real-time PCR was performed on 10 randomly 
selected genes from the RNA-Seq data. The cDNA was synthesized with 1 µg of total RNA 
using QuantiTect Reverse Transcription Kit (Qiagen Inc.). Gene specific primers were 
designed using NCBI primer designing tool. The qRT-PCR was performed using Rotor-Gene 
Q (Qiagen Inc.) and QuantiNova SYBR Green PCR Kit (Qiagen Inc.). All reactions were 
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performed in triplicates with 10 ng of cDNA, 0.7 µl of forward and reverse primers and 10 µl 
SYBR green master mix in a final volume of 20 µl. The reaction conditions were maintained 
as default recommended by Qiagen. The melt curve analysis was performed by increasing the 
temperature from 55 to 95°C to assess the specificity of reactions. Relative fold changes were 
calculated based on ΔΔCt method. The Elongation factor 1 alpha (EF1α) gene was used as a 
reference for normalizing expression changes. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Transcriptome sequencing and data analysis 
The molecular basis of drought tolerance/sensitivity during various stages of reproductive 
development was investigated using high throughput next generation RNA sequencing. 
Further, to enhance the understanding of transcriptomic changes in response to drought stress, 
the effect of drought on two contrasting genotypes (ICC8261 – drought tolerant; ICC283 – 
drought sensitive) was analysed. The tissues were collected from five different stages of 
reproductive development ranging from shoot apical meristem to young pod [Shoot Apical 
Meristem (SAM); Flower buds (FB); Partially opened flower (POF); Fully opened flowers 
(FOF); Young pods (YP)]. At each stage, tissues were sampled from drought stressed (DS) 
plants and their well-watered (WW) counterparts with each condition comprising of 
three biological replicates. The samples were then sequenced on Ion Proton and 1.2 billion 
reads (15 to 24 million reads per biological replicate) were generated for the five reproductive 
stages. The raw reads were trimmed to remove low quality bases and adapters followed by 
alignment to chickpea reference genome (Varshney et al., 2013). Approximately, 79% of the 
reads were uniquely mapped to single genomic locus indicating the high quality of our RNA-
Seq reads and the chickpea reference genome. 
3.3.1.1 Differential expression analysis 
The EdgeR program was used to estimate differential gene expression (Robinson et al., 2010). 
Each condition was represented by three biological replicates, resulting in 60 samples from 
five stages in both genotypes. After applying stringent cut-off (p-value ≤ 0.01, FDR ≤ 0.05, 
log2 fold change ≥ +1.0 and ≤ -1.0), 2789, 7338, 2814, 349 and 279 genes were identified to 
be differentially regulated in the tolerant genotype, while 1481, 7744, 2353, 1050 and 521 
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genes were differentially expressed in the sensitive genotype from the SAM to YP stages, 
respectively (Figure 3.1 A/B) (Supplementary Table 3.1). In response to drought stress, more 
genes were up-regulated when compared to down-regulated in the tolerant genotype with the 
exception of the FB stage. However, more genes were down-regulated in the sensitive genotype 
with the exception of SAM and POF stages (Figure 3.1 A/B). Drought stress led to significant 
changes in gene expression during the FB and POF in both genotypes. Further analysis revealed 
genes that were stage-specifically expressed. This suggests a complex transcriptomic 
reprogramming during different stages of reproductive development as previously observed 
(Singh et al., 2013). Stage-specific distribution of differentially expressed genes in both 
genotypes is shown in a Circos diagram (Figure 3.1 C/D). 
3.3.2 Validation of RNA-Seq data using qRT-PCR 
The qRT-PCR was performed to validate the RNA-Seq data. A total of 10 genes were validated 
in both genotypes across five stages under both conditions. The genes were randomly selected 
from RNA-Seq data. Further, the ratio of expression levels from RNA-Seq was compared with 
expression levels measured using qRT-PCR. A significant correlation was observed with an 
average correlation value of R2 = 0.84 (Figure 3.2). This suggests reliability of expression 
change values detected by RNA sequencing.
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Figure 3.1 (A-B) Bar graph representing differentially expressed genes during 5 reproductive stages in the tolerant genotype (ICC 8261) and 
sensitive genotype (ICC 283) (C-D) Circos diagrams depicting stage-specific regulation of differentially expressed genes 
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Figure 3.2 qRT-PCR validation of DEGs during five reproductive stages in tolerant (ICC 8261) and sensitive (ICC 283) genotypes. ‘r’ represents 
correlation coefficient between RNA-Seq and RT-qPCR data. For qRT-PCR analysis, three biological replicates were used for each genotype, 
reproductive stage and treatment condition. 
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3.3.3 Gene enrichment analysis  
A stage-specific GO enrichment analysis was performed to understand the effect of drought 
stress on the enrichment of various functional categories during different stages of reproductive 
development. The significantly enriched GO terms were identified using AgriGo with a p-value 
cutoff (≤ 0.001) and were corrected based on false discovery rate [FDR – Benjamini & 
Hochberg (≤ 0.01)]. The GO enrichment analysis revealed 216, 315, 310, 51 and 49 GO terms 
being enriched during the five stages in the tolerant genotype, while 139, 413, 304, 98 and 93 
GO terms were found to be enriched in the sensitive genotype. Of these, GO term related to 
‘Response to stimulus (GO:0050896)’ was significantly enriched during all stages in both 
genotypes. However, the enrichment of various GO terms such as response to stress, response 
to abiotic stimulus, response to osmotic stress and response to external stimulus were 
significantly higher in the tolerant genotype when compared to the sensitive genotype 
(Appendix 2A/J). This clearly indicates an extensive network of stress-induced signalling 
pathways were active in the tolerant genotype under drought stress. 
Apart from the enrichment of processes related to stress responses, stage-specific enrichment 
of various functional categories related to different aspects of reproductive development was 
also observed. The processes related to reproductive development were significantly enriched 
during the FB and POF stages in both genotypes. During the POF stage, reproductive processes 
such as flower development (GO:0009908), floral whorl development (GO:0048438), 
androecium development (GO:0048466), gynoecium development (GO:0048467), stamen 
development (GO:0048443) and carpel development (GO:0048440) were specifically enriched 
in the tolerant genotype (Figure 3.3C). Enrichment of these processes specifically in the 
tolerant genotype indicates their indispensable role in the reproductive success and the potential 
of genes enriched in these processes as ideal candidates for improving reproductive success 
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under drought stress.  
Further, to understand the processes that were commonly regulated between both the 
genotypes, stage-specific GO analysis was performed on the DEGs that were commonly 
regulated in both genotypes. The analysis revealed enrichment of GO terms related to 
phytohormones such as ‘response to gibberellin’ (GO:0009739) during the SAM stage; 
‘response to abscisic acid’ (GO:0009737) during the SAM and FB stages; ‘response to auxin’ 
(GO:0009733) and ‘response to ethylene’ (GO:0009723) during the POF stages. In addition, 
the GO terms enriched in a genotype-specific manner were also identified. The analysis showed 
enrichment of GO terms such as ‘response to jasmonic acid’ (GO:0009753), ‘jasmonic acid 
biosynthesis’ (GO:0009695) and ‘jasmonic acid metabolism’ (GO:0009694) during the SAM, 
POF and FOF stages of the tolerant genotype, while ‘response to salicylic acid’ (GO:0009751) 
was enriched during the SAM and YP stages of the sensitive genotype. Further, ‘response to 
ethylene’ (GO:0009723) was specifically enriched during SAM/FB in the sensitive genotype 
and YP in the tolerant genotype (Appendix 2A/J). Stage- and genotype-specific enrichment of 
GO terms related to phytohormones such as ABA, auxin, gibberellin, jasmonate and ethylene 
indicate their critical role in controlling drought-responsive gene expression during various 
stages of reproductive development.
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Figure 3.3 (A/B) Represents GO terms that are commonly enriched in tolerant and sensitive genotypes during POF (C) Represents GO terms that 
are specific to tolerant genotype during POF (D) GO terms specific to sensitive genotype during POF 
3.2(A) 3.2(B)
3.2(C) 3.2(D)
A B
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3.3.4 Drought-induced expression changes in kinase activity 
Plant protein kinases (PKs) represent a major protein superfamily that functions as central 
regulators of signal transduction in response to various developmental and environmental cues 
(Zhu, 2002a). Previous studies on drought transcriptomic profiling have revealed an increased 
regulation of various PKs during early stages of drought stress, suggesting their role in rapid 
responses to drought stress (Shinozaki and Yamaguchi-Shinozaki, 2007, Zheng et al., 2010). 
They also form an integral part of multiple stress and hormone signalling cascades. Few PKs 
are also known to be involved in floral transition and floral organ development (Roe et al., 
1993, Benjamins et al., 2001, Shpak et al., 2004). In the present study, differential regulation 
of various PK sub-families such as mitogen-activated protein kinases (MAPKs), CBL-
interacting protein kinases (CIPKs), calcium-dependent protein kinases (CDPKs) and leucine-
rich repeat (LRR) receptor-like serine/threonine protein kinases were identified.  
The MAPK signalling cascades represented by MAPKs, MAPKKs and MAPKKKs are 
the most evolutionarily conserved cascades in the eukaryotes and form an integral component 
of signalling pathways activated by a wide range of abiotic stresses (Zhu, 2002a). They are 
known to phosphorylate a wide range of downstream substrates ranging from other kinases to 
transcription factors. They also function as positive regulators of H2O2, ethylene, jasmonic acid 
and ABA signalling (Lata et al., 2015). Over-expression MAPK kinases was also found to 
increase drought tolerance by up-regulation of peroxidases that lead to scavenging of ROS 
species (Ning et al., 2010). In the present study, 25 genes that encode MAPK kinases were 
differentially regulated with a majority of genes being expressed during the FB and POF stages. 
Further, as reported earlier (Ning et al., 2010), a significant number of peroxidases were 
differentially regulated during the FB and POF stages when compared to other stages, 
suggesting their regulation by MAPK kinases. More specifically, three genes encoding 
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peroxidase-57 (LOC101509139 – 3.12 fold↑), peroxidase-21 (LOC101499262 – 5.00 fold↑) 
and peroxidase-P7 like (LOC101488651 – 5.52 fold↑) were significantly up-regulated during 
the FB stage in the tolerant genotype. In addition, MAPK kinases such as NPK1-like 
(LOC101493341: FB – 4.69 fold↑) and YODA-like (LOC101496343: POF - 3.2 fold↑) were 
specifically up-regulated in the tolerant genotype (Figure 3.4). The NPK1 is known to function 
in cell proliferation through cytokinesis, while YODA is involved in zygote development and 
its synergistic interaction with ERECTA and ERL1 kinases is known to control flower identity 
and floral patterning (Krysan et al., 2002, Bemis et al., 2013). Supporting this, an increased 
expression of ERECTA (LOC101495782: POF – 1.07 fold↑) and ERL1 (LOC101496094: POF 
– 2.97 fold↑) was also detected in the tolerant genotype. Taken together, these results indicate 
that activation of MAPKs during early reproductive stages in the tolerant genotype may be 
critical for ROS scavenging (PEROXIDASE-57/21/P7) as well as normal flower development 
(YODA/ERECTA/ERL1) under drought stress. 
Apart from MAPKs, Ca2+ dependent CIPKs and CDPKs also play a vital role in plant 
signal transduction under drought stress. They respond to drought stress by activating Ca2+ 
signalling and its down stream gene expression. In plants, CBL-CIPK signalling complex was 
found to mediate ion transport, hormone signalling (Auxins and ABA) and other 
developmental processes (Luan et al., 2009, Weinl and Kudla, 2009). Furthermore, coordinated 
action of CBPs (Calcium Binding Proteins), CIPKs and PP2Cs (Protein Phosphatase 2C) 
(CBP-CIPK-PP2C complexes) regulate the activation of multiple signalling pathways in 
response to various abiotic stresses (Hauser et al., 2011). Here, 21 CIPK genes were 
differentially regulated from the SAM to FOF stages in both genotypes. Most of the CIPK 
genes were up-regulated specifically, during the SAM and FB stages in both genotypes. Of 
these, CIPK20 (LOC101506991: FB – 6.33 fold↑) and CIPK2 (LOC101488582: FOF - 3.0 
fold↑) were significantly up-regulated in the tolerant genotype. Further, several genes that 
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encode PP2Cs were differentially expressed from the SAM to FOF stages in both genotypes. 
Of these, PP2C-51 (LOC101507599), PP2C-37 (LOC101488329) and PP2C-52 
(LOC101501099) were significantly induced during the SAM and FB stages (Figure 3.4). 
Taken together, these results indicate an active CBP-CIPK-PP2C mediated stress signalling 
during early reproductive stages in chickpea. Furthermore, activation of PP2C-37 also 
indicates an active ABA-mediated signalling during the SAM and FB stages.. Similar to 
CIPKs, CDPKs are also known to activate in Ca2+ mediated signal transduction. They 
positively regulate ABA signalling and phosphorylate AREB/ABF TFs in an ABA-dependent 
manner (Mori et al., 2006). Five members of CDPK family were specifically up-regulated in 
the tolerant genotype. Of these, two homologs of CDPK7-like (LOC101502089, 
LOC101503036) were conversely regulated between the tolerant and sensitive genotypes 
during the FOF stage (Figure 3.4). The CDPK17 was suggested to positively control pollen 
tube tip growth in Arabidopsis (Myers et al., 2009). Hence, we propose that genotype-specific 
up-regulation of CDPK17 homologs may help maintain the pollen tube growth during drought 
stress in the tolerant genotype.  
The protein kinases belonging to the STRUBBELIG (SUB) and Pollen Receptor Kinase 
(PRK) families are known to regulate a multitude of reproductive processes such as floral 
patterning, organ identity, petal polar expansion, pollen development, carpel elongation, anther 
and ovule differentiation (Shpak et al., 2004, Chevalier et al., 2005, Hord et al., 2006, Bemis 
et al., 2013, Takeuchi and Higashiyama, 2016). Six members belonging to the SUB family 
were expressed during the FB and POF stages in response to drought stress. Of these, SUB8 
(LOC101511580: FB – 5.9 fold↓), SUB6 (LOC101504580: FB - 1.40 fold↓) and SUB6 
(LOC101497474: FB  - 1.78 fold↓) were down-regulated in the 
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Figure 3.4 Heatmap illustrating the differential expression of Protein kinases. Mitogen-activated protein kinases (MAPK), peroxidases (PER), 
LRR receptor-like serine/threonine-protein kinase (LRRK), CBL-interacting serine/threonine-protein kinase (CIPK), protein phosphatase 2C 
(PP2C), calcium-dependent protein kinase (CDPK), STRUBBELIG-RECEPTOR (SUB) and pollen receptor-like kinase (PRK) during different 
reproductive stages in ICC8261 and ICC283.  The scale colour at the top-left represents log2 fold change.
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sensitive genotype, while SUB3-like (LOC101508062: POF – 1.2 fold↑) and SUB5-like 
(LOC101505388: FB – 1.66 fold↑) were specifically up-regulated in the tolerant genotype 
(Figure 3.4). Hence, genotype-specific up-regulation of SUB3-like and SUB5-like genes 
indicate their important role in maintaining normal floral organ development in the tolerant 
genotype. The PRKs represent a family of PKs that are involved in pollen germination and 
pollen tube growth (Chang et al., 2013). The genes that encode PRKs were differentially 
regulated during the FB, POF and FOF stages. Of these, three genes including PRK1 
(LOC101506440), PRK3 (LOC101515274) and PRK4 (LOC101505929) were specifically up-
regulated in the tolerant genotype indicating their potential role in regulating normal pollen 
development under drought stress (Figure 3.4). Overall, the results indicate a crucial role of 
genes belonging to MAPK (NPK1, YODA), CBP-CIPK-PP2C, CDPK (CPK17), SUB (SUB3, 
SUB5) and PRK (PRK1, PRK3, PRK4) families in maintaining Ca2+ and ABA-mediated stress 
signalling along with various aspects of floral organ growth and pollen development in 
chickpea under drought stress.  
3.3.5 Transcriptional regulation of reproductive development under 
drought stress 
Dynamic reprogramming of gene expression is critical during plants response to environmental 
stimuli. Various transcription factor (TF) families are known to play a major role in controlling 
stress responsive gene expression during various abiotic stresses (Yamaguchi-Shinozaki and 
Shinozaki, 2006). Overall, 914 TFs belonging to 80 TF families were differentially regulated 
during various reproductive stages under drought stress. A large number of drought responsive 
TFs belonging to the AP2-EREBP, ARF, AUX-IAA, bHLH, bZIP, C2H2, HD-ZIP, MYB, MYB-
related, NAC, Trihelix, WRKY and zf-HD families were significantly expressed in response to 
drought stress. Of these, a significant number of AP2/EREBP, MYB, bHLH, NAC and WRKY 
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members were differentially regulated indicating their role in drought-responsive signalling 
during the reproductive development in chickpea (Appendix 3). Furthermore, TF families that 
are involved in reproductive development such as Jumonji, LEUNIG, LEAFY, MADS-box, 
NOZZLE, and YABBY were specifically regulated during the first three stages suggesting their 
role in controlling flower development. 
A protein-protein interaction analysis was performed to identify highly confident TF 
clusters during different stages. In order to determine the protein-protein interactions, DEGs 
associated with transcription factor activity (GO:0003700) were extracted and were 
subsequently used to build interaction networks based on known and predicted protein-protein 
interactions available at STRING 10 database (Von Mering et al., 2003). The Arabidopsis 
homologs (TAIR codes) of chickpea genes were obtained using BLASTx search restricted to 
A. thaliana. The TAIR codes of differentially expressed TF genes were imported to Cytoscape 
using STRING public database (high confidence 0.700 threshold based on A. thaliana 
interactions) and MCODE plugin was used to determine highly clustered TFs within the 
network. During the FB stage, a cluster comprising of auxin-responsive TFs (HCC1) was 
down-regulated in both genotypes (Figure 3.5). However, ARF19 (LOC101489666: FB; 
ICC8261; 4.26 fold↑, ICC283 – 3.74 fold↑) was increasingly up-regulated in the tolerant 
genotype. In Arabidopsis, ARF19 is functionally redundant to NPH4/ARF7, which in 
coordination with ethylene is known to control differential growth responses and alter the 
morphology of aerial tissues in response to external stimuli. Its up-regulation during the FB 
stage suggests an important role of ARF19 in controlling auxin and ethylene mediated gene 
expression during the SAM and FB stages under drought stress (Harper et al., 2000, Wilmoth 
et al., 2005).  
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Figure 3.5 (A) Represents the high confidence clusters of TFs that are differentially regulated during FB in the tolerant (ICC 8261) and (B) 
sensitive (ICC 283) genotypes.  
A B
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Figure 3.6 Heatmap representing the differential expression of TFs belonging to HCC1 and HCC2 during different stages of reproductive 
development in the tolerant (ICC 8261) and sensitive (ICC 283) genotypes. The scale colour at the top-left represents log2 fold change.
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In addition, another HCC consisting of WRKY, AP2/ERF and STZ TFs (HCC2) was 
observed during all the reproductive stages with the exception of ICC8261-FOF (Figure 3.5A). 
Interestingly, TFs belonging to this HCC were specifically up-regulated during YP in the 
tolerant genotype whilst they were downregulated in the sensitive genotype (Figure 3.6). 
Members of this HCC [ERF5 (ethylene-responsive transcription factor 104-like/107-like), 
WRKY33 (WRKY transcription factor 25/33), WRKY40 (WRKY transcription factor 40), STZ 
(zinc finger protein ZAT10)] are known to be chitin-responsive and important for plant innate 
immunity by coordinating chitin response to other defence pathways (Son et al., 2012). Hence, 
we propose that ERF5, WRKY33, WRKY40 along with STZ may play a central role in plants 
response to both, biotic and abiotic stresses. Further functional analysis may provide a better 
understanding of the HCC in chickpea response to drought and other stresses. 
Stage-specific differential expression analysis of various TF families revealed 
differential regulation of NAC, MYB, bHLH, and bZIP TF families during the different 
developmental stages between both genotypes. Further analysis revealed 34 NAC TFs were 
differentially regulated during the different reproductive stages. Of these, NAC072 
(LOC101506671), NAC021/022 (LOC101504217), NAC029 (LOC101499961) and NAC029-
like (LOC101509428) were significantly up-regulated during the first three stages (Figure 3.7). 
Interestingly, two genes that encode NAC072 (LOC101489389, LOC101506671) were 
specifically up-regulated during the POF and YP in the sensitive genotype (Figure 3.7). In 
Arabidopsis, NAC072 (RD26) was found to be highly ABA inducible (Tran et al., 2004). 
Hence, drought-induced up-regulation NAC072 during POF and YP indicates an active ABA-
mediated signalling, which may be detrimental to normal flower development and seed set in 
the sensitive genotype (Pang et al., 2016).  In addition, NAC029 (LOC101499961) was up-
regulated during POF in both genotypes, while it was specifically up-regulated during YP in 
the tolerant genotype (Figure 3.7). The NAC029 is known to positively regulate cell expansion 
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in petals and stamens as well as ethylene-mediated seed development suggesting its importance 
during floral organ and seed development in the tolerant genotype (Sablowski and Meyerowitz, 
1998, Kou et al., 2012). 
Further, members of other TF families such as MYB [RVE2 (LOC101509066: POF 
ICC8261 – 1.46 fold↑, ICC283 – 2.14 fold↓), MYB transcriptional activator  (LOC101497305: 
YP; ICC8261 - 1.1 fold↑, ICC283 - 1.48 fold↓)], bHLH [bHLH18-like (LOC101507557: 
SAM; ICC8261 – 3.99 fold↑, FB; ICC8261 – 4.6 fold↑, FOF; ICC283 – 6.30 fold↓, YP; 
ICC8261 – 2.06 fold↑, ICC283 – 3.32 fold↓), bHLH100-like (LOC101513248: SAM; 
ICC8261 – 3.77 fold↑, POF; ICC283 – 5.69 fold↓), bHLH115-like (LOC101492123: FB; 
ICC8261 – 3.12 fold↑)] and bZIP [bZIP43-like 1 (LOC101506691: FB; ICC8261 – 5.47 fold↑, 
ICC283 – 5.34 fold↑), bZIP43-like 2 (LOC101508827: FB; ICC8261 – 6.59 fold↑, ICC283 – 
5.92 fold↑), PERIANTHIA-like (LOC101505539: FB; ICC8261 – 4.25 fold↑, ICC283 – 3.01 
fold↑)] were highly up-regulated in the tolerant genotype. Of these, increased expression of 
PAN is known to regulate of AG (AGAMOUS) proteins, which in turn are required for normal 
floral patterning and floral organ determination (Wynn et al., 2014). Further, genotype-specific 
activation of other TFs indicates their positive role in reproductive development under drought 
stress in the tolerant genotype.  
Finally, a plant-specific YABBY TF, CRABSCLAW CRC (LOC101515488: FB; ICC 
283 – 6.25 fold↓), was specifically down-regulated in the sensitive genotype. In Arabidopsis, 
CRC functions in carpel morphogenesis, floral determinacy and nectary specification 
(Bowman and Smyth, 1999). Hence, its down-regulation in the sensitive genotype may result 
in defective floral organ development under drought stress. Taken together, these results reveal 
a distinctive transcriptional reprogramming between the contrasting genotypes during their 
response to drought stress. In addition, genotype-specific differences in the regulation of 
various TFs associated with bHLH, bZIP, MYB, NAC, WRKY and YABBY TF families make
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Figure 3.7 Heatmap depicting the differential regulation of members belonging to NAC, MYB, bHLH, bZIP and CRABSCLAW transcription 
factor families during five reproductive stages in the tolerant (ICC 8261) and sensitive (ICC 283) genotypes. The scale colour at the top-left 
represents log2 fold change.
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them ideal candidates for improving reproductive success in chickpea under drought stress 
conditions. Functional analyses of these TFs will provide a better understanding of their role 
during reproductive development in chickpea. 
3.3.6 Expression of phytohormone related genes during reproductive 
development under drought stress 
Flower development in plants is mainly controlled by a combination of environmental cues 
and coordinated by a complex cross-talk between multiple phytohormones. It is well known 
that phytohormones play an indispensable role in all major aspects of flower development 
ranging from development of inflorescence to floral organ growth, sex determination, fertility 
and seed maturation. Apart from reproductive development, they are also involved in mediating 
stress-induced signalling networks and downstream gene expression in plants.  
3.3.6.1 Auxin-related genes 
In plants, polar auxin transport mediated by PIN proteins that control lateral organ initiation 
and YUCCA mediated local auxin biosynthesis is essential for floral organ development (Cheng 
et al., 2007a). Here, two YUCCA genes showed increased expression during the FB 
(YUCCA10: LOC101496943) and POF (YUCCA3: LOC101507290) stages in both genotypes 
(Figure 3.8). Interestingly, out of the six PIN genes that were differentially expressed, only 
auxin efflux carrier component 1b (LOC101499345: POF - 1.38 fold↑) was specifically up-
regulated in the tolerant genotype (Figure 3.8). Furthermore, auxin transporter-like protein 1 
AUX1 (LOC101497816: FB – 1.08 fold↑, POF – 1.05 fold↑) was specifically up-regulated in 
the tolerant genotype, while the auxin transporter-like protein 2 AUX2 (LOC101505743: FB – 
2.35 fold↓; POF – 1.71 fold↓) showed decreased expression in the sensitive genotype (Figure 
3.8). In plants, cellular responses to auxins are regulated by AUX/IAA and ARF family of 
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transcriptional regulators. During flower development, they are necessary for normal stamen 
development and synchronizing floral organ growth. Here, 17 ARF genes were differentially 
regulated during the first three reproductive stages in response to drought stress. Of these, auxin 
response factor 2-like, ARF2-like (LOC101505502: FB ICC8261 – 1.54 fold↑, ICC283 – 3.53 
fold↓), was conversely regulated in the tolerant and sensitive genotypes. In Arabidopsis, ARF2 
is known to control flowering time, floral organ development and fertility (Okushima et al., 
2005). Hence, the genotype-specific up-regulation of ARF2 may positively regulate various 
aspects of flower development in the tolerant genotype.  
Further analysis revealed various auxin-induced proteins such as auxin-induced protein 
6B (LOC101488799: FB – 3.16 fold↑), auxin-induced protein X15-like (LOC101509355: FB 
– 4.29 fold↑) and auxin-repressed 12.5 kDa protein (LOC101508408 – 6.66 fold↑) were 
specifically up-regulated in the tolerant genotype indicating their potential role in controlling 
reproductive development under drought stress. In the tolerant genotype, downstream targets 
of auxin signalling such as xyloglucan endotransglucosylase/hydrolase protein 23, XTH23 
(LOC101498658: SAM; ICC8261 – 3.95 fold↑, FB; ICC8261 – 8.33 fold↑, ICC283 – 3.3 
fold↑, POF; ICC8261 – 1.69 fold↑, YP; ICC8261 – 1.04 fold↑), and protein kinase PINOID-
like PID (LOC101507836: FB; ICC8261 – 2.30 fold, ICC283 – 1.47 fold) were significantly 
up-regulated when compared to the sensitive genotype. The XTH23 is an enzyme similar to 
XTH22 and is known to be involved in cell-wall reconstruction of actively growing tissues, 
while PID is known to positively regulate cellular auxin efflux during the floral organ 
development (Xu et al., 1995, Benjamins et al., 2001). Taken together, these results suggest an 
active auxin biosynthesis and signalling during the FB and POF stages is essential for flower 
development during drought stress. In addition, genotype-specific up-regulation of AUX1, 
ARF2, auxin-induced proteins and the down-stream targets (XTH22, PID) suggest their 
important role in maintaining normal reproductive development in the tolerant genotype.
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Figure 3.8 Heatmap illustrating the differential expression of Auxin (AUX) and Gibberellin (GA) related genes during five reproductive stages in 
the tolerant (ICC8261) and sensitive genotype (ICC283). The scale colour at the top-left represents log2 fold change.
AUX
GA
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3.3.6.2 Gibberellin-related genes 
Apart from AUX, Gibberellins (GA) are also known to regulate various aspects of floral 
development such as fertility, petal growth and stamen filament elongation (Yu et al., 2004). 
The GA levels during flower development is mainly controlled by various enzymes involved 
in its biosynthesis such as GA20ox family and GA3ox family. Degradation of GA catalysed by 
GA2ox also plays a key role in tissue-specific accumulation of GA, which is imperative for 
normal floral development (Mutasa-Göttgens and Hedden, 2009). According to the current 
hypothesis, stress escape mechanisms may be associated with growth promotion (during 
flooding or submergence) by enhancing GA biosynthesis through the up-regulation of GA20ox 
and GA3ox genes or growth inhibition (during drought, salt and osmotic stress) that occurs via 
the up-regulation of GA-deactivating GA2ox genes or in some cases DELLA genes (Colebrook 
et al., 2014). During the FB stage, genes encoding GA2ox (LOC101488778 and 
LOC101513626) were up-regulated, while the GA20ox genes (LOC101491320, 
LOC101490587 and LOC101492441) were increasingly down-regulated in the sensitive 
genotype (Figure 3.8). Further, during the FB stage, two genes that encode DELLA protein 
GAI (LOC101503964) and DELLA protein RHT-1-like (LOC101508270) were increasingly 
down-regulated in the sensitive genotype (Figure 3.8). Previously, plants over-expressing 
GA2ox exhibited dwarf phenotypes with decreased flower size and flower numbers (Otani et 
al., 2013). Taken together, up-regulation of GA2ox and down-regulation of DELLA genes 
might suggest a decrease in GA biosynthesis and signalling as well as flower development, 
which is manifested as decreased flower size and flower numbers as previously reported in 
chickpea (Fang et al., 2009). Finally, gibberellin-regulated protein 1 GASA1 (LOC101495554: 
FB; ICC8261 – 3.66 fold↑, ICC283 – 1.63 fold↓) was contrastingly regulated between the 
tolerant and sensitive genotypes, while gibberellin-regulated protein 4 GASA4 
(LOC101504015: FB; ICC283 – 8.44 fold↓) was specifically down-regulated in the sensitive 
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genotype. The GASA proteins are reported to regulate the flower and seed development 
(Roxrud et al., 2007). Hence, the down-regulation of GASA1 and GASA4 may have a negative 
impact on flower development in the sensitive genotype. 
3.3.6.3 ABA-related genes 
Drought stress also led to changes in the expression of various genes involved in biosynthesis 
and signalling of phytohormones such as Abscisic acid (ABA), Jasmonates (JA) and Ethylene 
(ET) as previously reported (Seki et al., 2007, Dobra et al., 2010). As mentioned above, there 
was significant enrichment of GO terms related to ‘Response to abscisic acid stimulus’ 
(GO:0009737), ‘Response to jasmonic acid stimulus’ (GO:0009753), and ‘Response to 
ethylene stimulus’ (GO:0009723) during the different stages of reproductive growth under 
drought stress (Appendix 2A/J). Altered accumulation of these phytohormones and the 
activation/repression of their respective functional and regulatory target genes may be essential 
for the successful reproductive development under drought stress. In plants, ABA is 
extensively studied for its regulatory role during various abiotic stresses (Golldack et al., 2014). 
During drought stress, cellular responses to ABA is maintained by various genes involved in 
its biosynthesis [(9-cis-epoxycarotenoid dioxygenases (NCED)], degradation [(Abscisic acid 
8'-hydroxylases (CYP70)] and signalling [(PYR/PYL/RCAR receptor complex, Protein 
phosphatase 2C (PP2C-27, PP2C-37), Serine/threonine-protein kinase (SRK2)]. Here, the 
majority of the ABA-related genes were up-regulated during the first two stages under drought 
stress. Of these, genes encoding NCED1 (LOC101492033), PYL/PYR/RCAR receptor complex 
(LOC101505121, LOC101499097, LOC101504365, LOC101510187), SRK2 
(LOC101509430, LOC101489443, LOC101512129) and PP2Cs (LOC101488329, 
LOC101507450) were significantly up-regulated in the tolerant when compared to sensitive 
genotype (Figure 3.9). These results indicate a heightened ABA biosynthesis and signalling 
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during the SAM and FB stages in the tolerant genotype. These results support the previous 
studies which suggested that transcriptomic changes during early stages of reproductive 
development are similar to those of vegetative stage under drought stress  (Urano et al., 2010). 
Interestingly, PYL8 (LOC101505121: POF; ICC 8261 – 1.62 fold↓, ICC 283 – 1.76 fold↑) was 
down-regulated during the POF in the tolerant genotype but up-regulated in the sensitive 
genotype. This suggests repression of ABA-mediated signalling during floral emergence in the 
tolerant genotype. Further, during YP, there was contrasting regulation of DREB1A 
(LOC101511871: YP; ICC8261 – 2.4 fold↑, ICC283 – 1.23 fold↓) in the two genotypes, while 
components of ABA signalling such as NCED1 (LOC101492033), ABI5 (LOC101506390) and 
RD29B (LOC101511871) were specifically up-regulated in the sensitive genotype (Oh et al., 
2005, Nakashima et al., 2006). Therefore, the up-regulation NCED1, AB15 and RD29B 
suggests an active ABA-dependent signalling in the sensitive genotype which may be 
detrimental to pod development (Pang et al., 2016). On the contrary, specific up-regulation of 
DREB1A in the tolerant genotype indicates the activation ABA-independent gene expression 
which may be important for normal pod development and seed set under drought stress.  
3.3.6.4 Jasmonate-related genes 
Jasmonates are well known for their role in the flower development with COI1 (coronatine 
insensitive 1) and JA biosynthesis mutants exhibiting severe abnormalities in the stamen 
development and pollen fertility (Kim et al., 2013). During the FB stage, one of the two 
Linoleate 13S-lipoxygenase 2-1, LOX2.1, homologs involved in jasmonic acid biosynthesis 
(LOC101490939: FB – 5.51 fold↑) was up-regulated in the tolerant genotype, while another 
homolog LOX2.1 (LOC101499921: FB – 3.23 fold↓) was specifically down-regulated in the 
sensitive genotype. The LOX2.1 is a 13S-lipoxygenase which is known to induce rapid 
jasmonic acid biosynthesis in Arabidopsis (Chauvin et al., 2013). In plant cells, JA is perceived 
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by COI1 F-box protein which leads to the degradation of JAZ-TIFY proteins via SCF(COI1)-
26S proteasome pathway resulting in the activation of JA-mediated downstream gene 
expression (Pauwels and Goossens, 2011). During the FB stage, COI1 was up-regulated 
(LOC101510282: FB; ICC8261 – 1.93 fold↑, ICC283 – 2.30 fold↑) in both genotypes, while 
COI1-like (LOC101492486: FB – ICC8261 – 1.17 fold↑) was specifically up-regulated in the 
tolerant genotype. Additionally, 12 members of the JAZ-TIFY family were differentially 
expressed in response to drought stress (Figure 3.9). During the FB stage, TIFY-10A-like 
(LOC101491099), TIFY-5B (LOC101509848) were down-regulated in the sensitive genotype, 
while TIFY-6B (LOC101496060: FB; ICC8261 – 1.31 fold↑) was up-regulated in the tolerant 
genotype. However, they showed decreased expression in both the genotypes during POF, 
while TIFY10A was specifically down-regulated in the sensitive genotype during FOF (Figure 
3.9). Taken together, these results indicate a continuous inhibition of JA-mediated signalling 
during the FB, POF and FOF stages in the sensitive genotype, while it was only inhibited during 
the POF in the tolerant genotype. Additionally, the genotype-specific repression of TIFY10A 
(FB, POF, and FOF) in the sensitive genotype may negatively affect pollen fertility during 
drought stress (Thines et al., 2007).  
To further substantiate genotype-specific regulation of JA-responsive gene expression, 
differential expression of two R2R3-MYB transcription factors, MYB21 (LOC101493897) and 
MYB24 (LOC101495444), which are downstream targets of JA signalling were identified. The 
MYB21 was specifically down-regulated (LOC101493897: FB - 2.9 fold↓; POF - 1.74 fold↓) 
in the sensitive genotype, while MYB24 was up-regulated in the tolerant but down-regulated in 
the sensitive genotype (LOC101495444: FB; ICC 8261 - 1.89 fold↑, ICC 283 - 4.85 fold↓). 
During the flower development, MYB21 and MYB24 are known to regulate stamen 
development and filament elongation (Song et al., 2011b).  
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Figure 3.9 Heatmap illustrating the differential expression of Abscisic acid (ABA), Jasmonates (JAS) and Cytokinins (CK) related genes during 
five reproductive stages in the tolerant (ICC 8261) and sensitive genotype (ICC 283). The scale colour at the top-left represents log2 fold change.
ABA
JAS
CK
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Therefore, genotype-specific activation/inactivation of MYB21 and MYB24 may positively and 
negatively affect stamen development in the tolerant and sensitive genotypes, respectively. 
3.3.6.5 Cytokinin-related genes 
During the flower development, the amount of cytokinins is controlled by the various genes 
involved in its biosynthesis [ATP/ADP isopentenyl transferase (IPT)], degradation [(cytokinin 
dehydrogenase (CKX)] and signalling [(Histidine Kinases (AHK), Histidine-containing 
phosphotransfer protein (AHP), Two-component response regulators (ARR)]. Previous studies 
in Arabidopsis demonstrated that single mutants of CKX genes (ckx1 and ckx3) exhibit delayed 
flowering time and decreased fertility due to lack of pollen (Werner et al., 2003). However, a 
double mutant of (ckx3 ckx5) resulted in the development of larger inflorescence and floral 
meristems as well as ~55% increase in seed yield (Bartrina et al., 2011). In the present study, 
two CKX genes that include CKX1 (LOC101493173: ICC 8261; FB – 1.61 fold↑, FOF – 1.26 
fold↑) and CKX3-like (LOC101493024: ICC 8261; FB – 3.35 fold↑) were specifically up-
regulated in the tolerant genotype suggesting their active role in regulating cytokinin levels 
during the FB and FOF stages in the tolerant genotype. According to the current model of CK 
signal transduction, cytokinins are perceived by three histidine kinases that include AHK2, 
AHK3, AHK4/CRE1/WOL (Hwang et al., 2012). Here, AHK3 (LOC101504610), AHK3-like 
(LOC101498117) and AHK4 (LOC101511355) were up-regulated during the SAM and FB 
stages. In Arabidopsis, AHK3 and AHK4 act as cytokinin receptors and their activation in both 
genotypes suggests their essential role in maintaining normal reproductive transition and ovule 
development as previously reported (Figure 3.9) (Kakimoto, 2003, Skylar et al., 2010, 
Bencivenga et al., 2012). Furthermore, AHK1 functions as positive regulator of stress-
responsive signalling during early vegetative stages (Tran et al., 2007). Here, AHK1 
(LOC101498117) was up-regulated during the SAM and FB stages in both genotypes, while it 
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was specifically up-regulated during the FOF stage of the tolerant genotype (Figure 3.9). Along 
with stress responsive signalling, AHK1 is also involved in controlling desiccation tolerance 
during seed formation (Wohlbach et al., 2008). Hence, the tolerant-specific activation of CKX1, 
CKX3-like and AHK1 indicate their potential role in maintaining optimal cytokinin levels for 
normal reproductive-development in the tolerant genotype.  
3.3.6.6 Ethylene-related genes 
Recent studies on drought transcriptomics found significant regulation of various genes 
involved in ethylene biosynthesis and signalling, thus revealing its indispensable role in 
regulating drought responsive signalling (Garg et al., 2016). In plants, ACO (1-
aminocyclopropane-1-carboxylate oxidase) and ACS (1-aminocyclopropane-1-carboxylate 
synthase) catalyse the ultimate and penultimate steps of ethylene biosynthesis (Wang et al., 
2002). The ACO and ACS genes were specifically activated during the POF stage in the 
sensitive genotype (Figure 3.10). Furthermore, various components of ethylene signalling such 
as ethylene receptor (ETR1), ethylene receptor 2 (ETR2), ethylene-insensitive protein 2 (EIN2), 
ETHYLENE INSENSITIVE 3-like 1/3 (EIN3-1/3), EIN3-binding F-box protein 1 (EBF1), 
EIN3-binding F-box protein 2-like (EBF2) were also specifically up-regulated in the sensitive 
genotype (Figure 3.10). This was further substantiated by the specific activation of ethylene-
responsive transcription factor ERF1B-like (LOC101496212: POF; ICC283 – 4.78 fold↑) 
during the POF stage in the sensitive genotype. However, the function of ethylene during 
flower development is not fully elucidated till date. Hence, functional analyses of these genes 
will provide us a better understanding of the effects of ethylene accumulation during flower 
emergence under drought stress.  
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Figure 3.10 Heatmap representing the differential expression of ethylene-related genes and AP2/ERF transcription factors during five 
reproductive stages in the tolerant (ICC8261) and sensitive genotype (ICC283). The scale colour at the top-left represents log2 fold change.
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In plants, ethylene responsive gene expression is regulated by a large family of AP2/ERF 
transcription factors. They also control multiple developmental processes as well as plants 
response to various biotic and abiotic stress conditions (Mizoi et al., 2012). In the present study, 
several AP2/ERF TFs were differentially expressed during all five reproductive stages. Of 
these, six AP2/ERF TFs (LOC101496258, LOC101496587, LOC101496910, LOC101499805, 
LOC101492500, LOC101494217, LOC101504460) were up-regulated during the SAM and 
YP stages in the tolerant genotype, while they were down-regulated during the YP stage in the 
sensitive genotype (Figure 3.10). This suggests a similar activation of ethylene-mediated 
signalling pathways during early (SAM) and late (YP) reproductive stages in the tolerant 
genotype under drought stress. In the sensitive genotype, two WIN1 homologs 
(LOC101508797 and LOC101510190) were significantly down-regulated during the FB, POF 
and FOF stages which may lead to the inhibition of wax biosynthesis and increase susceptibility 
towards drought stress (Aharoni et al., 2004). 
 
3.3.7 Drought-induced expression changes in reproductive development 
genes 
Flower development in legumes does not follow the typical ABCDE model proposed in 
Arabidopsis. Legumes exhibit simultaneous activation of multiple floral organs controlled by 
a single set of genes as opposed to sequential organ development controlled by multiple sets 
of genes in Arabidopsis (Tucker, 1987). The MADS-box family of transcription factors are well 
known for their role in regulating floral meristem initiation and floral organ development 
(Theißen, 2001). In order to understand their role in controlling flower development during 
drought stress, 79 members of the MADS-box TF family in chickpea were retrieved based on 
BLAST search of chickpea genome against MADS-box gene family from Arabidopsis and 
Medicago truncatula. In addition, hidden markov models (HMM) analysis based on MADS-
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box (PF00319) and K-Box domains (PF01486) was used to identify the positionally conserved 
domains in the 79 MADS-box genes. A phylogenetic tree was constructed from the MADS-box 
genes of Arabidopsis and chickpea (Appendix 4). Corroborating the previous reports in 
legumes, the analysis indicated the absence of FLC clade in chickpea (Hecht et al., 2005). In 
Arabidopsis, genes of FLC clade play an important role in vernalization response (Sheldon et 
al., 2000). Additional genes for Short Vegetative Phase SVP 
(LOC101497665/LOC101513905), and SOC1 (Suppressor of Overexpression of CO1: 
LOC101489691/LOC101510775) were identified as previously reported in other legumes 
species (Weller and Ortega, 2015).  
In response to drought stress, 23 MADS-box genes were differential regulated during 
the five reproductive stages. Most of the genes showed similar expression in both genotypes, 
which indicates their importance during the flower development under drought stress (Figure 
3.11). The MADS-box genes such as AGL8 (LOC101510419), AGL11 (SEEDSTICK; 
LOC101498947), AGL32 (TRANSPARENT TESTA 16; LOC101500959), AGL65 
(LOC101502697), AGL104 (LOC101506754) and SOC1 (LOC101489691) were up-regulated 
in response to drought stress. Of these, coordinated activity of CAL and AGL8 is known to 
regulate floral meristem identity, while AGL65 and AGL104 control pollen maturation and 
pollen tube growth (Ferrandiz et al., 2000, Adamczyk and Fernandez, 2009). Hence, an 
increased expression of these MADS-box genes indicates their potential role in promoting floral 
development during drought stress. Interestingly, AGL65 (LOC101502697) and AGL80 
(LOC1010511238) were specifically up-regulated during the YP stage in the tolerant genotype 
(Figure 3.11). In Arabidopsis, AGL80/FEM111 is known to the initiate the endosperm, which 
then nourishes developing embryo within the seed (Portereiko et al., 2006). Hence, increased 
expression of AGL80 during YP may be important for normal seed development in the tolerant 
genotype. 
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Figure 3.11 Heatmap representing the MADS-box genes that were differentially regulated 
during five reproductive stages in tolerant (ICC8261) and sensitive genotype (ICC283). The 
scale colour at the top-left represents log2 fold change.  
3.3.8 Pollen development during drought stress 
Water deficit in plants is known to have deleterious effect on pollen fertility that eventually 
leads to failed pollination (Sheoran and Saini, 1996). Failure in pollen development and fertility 
during drought stress is an indirect consequence of photosynthetic disturbances in vegetative 
tissues, which leads to a decrease in soluble carbohydrate levels in anthers (Saini and Westgate, 
1999). Previous research emphasized the role of invertases in pollen sterility caused by drought 
stress during male meiosis (Sheoran and Saini, 1996). Correlating with these studies, two β-
fructofuranosidase genes (LOC101495725 and LOC101490153) were specifically up-
regulated in the tolerant genotype, while they were down-regulated in the sensitive genotype. 
However, other cell-wall and insoluble β-fructofuranosidases (LOC101506637, 
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LOC101497282 and LOC101504789) were down-regulated during the different reproductive 
stages with the down-regulation being more pronounced in the sensitive when compared to the 
tolerant genotype (Fig.). Other genes involved in carbohydrate metabolism such as glucan 
endo-1,3-beta-glucosidase A6 (LOC101496127: FB; ICC8261 – 8.95 fold↑), 
exopolygalacturonase clone GBGE184 (LOC101514347: FB; ICC8261 – 8.27 fold↑) and 
galacturonosyltransferase-like 4 GALT4 (LOC101506082: FB; ICC8261 – 6.55 fold↑, FOF; 
ICC8261 – 1.28 fold↑, ICC283 – 1.78 fold↓) were specifically up-regulated only in the tolerant 
genotype. The up-regulation of GALT4 in the tolerant genotype may promote active 
arabinogalactan protein (AGP) glycan biosynthesis and normal pollen tube growth under water 
stress conditions (Kong et al., 2011). Furthermore, various genes involved in sporopollenin 
biosynthesis such as 4-coumarate-CoA ligase-like 1 ACOS5 (LOC101497059: FB – 10.3 
fold↑), Cytochrome P450 703A2 CYP703A2 (LOC101514759: FB – 8.03 fold↑), Cytochrome 
P450 704B1 CYP704B1 (LOC101510760: FB – 7.35 fold↑) and Fatty acyl-CoA reductase 2 
FAR2  (LOC101510781: FB – 6.79 fold↑) were up-regulated in the tolerant genotype (Figure 
3.12). Therefore, specific up-regulation of these genes in the tolerant genotype indicates an 
active sporopollenin biosynthesis that may help maintain normal development of pollen under 
drought stress conditions (Ariizumi and Toriyama, 2011). Additionally, two genes 
(LOC101514049 and LOC101512742) that encode basic blue proteins were specifically up-
regulated during the POF in both genotypes. In Arabidopsis, plants over-expressing APRN gene 
lacked anther dehiscence and showed significantly reduced seed set (Dong et al., 2005a). 
Hence, increased expression of these genes during drought stress may be associated with 
decreased seed set as previously reported in chickpea (Fang et al., 2009). Furthermore, two 
homologs of ABCG26-like (LOC101490772/ LOC101508668) were specifically down- and 
up-regulated during the SAM and FB stages in the tolerant genotype (Figure 3.12). ABCG26 
was previously studied for its function in pollen exine formation and pollen maturation 
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(Quilichini et al., 2010, Kuromori et al., 2011). Finally, callose synthase (CalS5) is known to 
regulate microsporogenesis and microgametogenesis during exine formation and maintain 
pollen viability (Dong et al., 2005b). Specific up-regulation of callose synthase 5 
(LOC101514158) during the FB stage was observed in the tolerant genotype, while it was up-
regulated during the FOF in the tolerant genotype but down-regulated in sensitive genotypes. 
Overall, these results suggest a genotype-specific transcriptome reprogramming for 
activation/inactivation of pollen development in the tolerant and sensitive genotypes. In 
addition, increased expression of genes that encode invertases, sporopollenins (ACOS5, 
CYP703A2, CYP704B1, FAR2), basic blue proteins (APRN) and callose synthase (CalS5) 
indicate their potential role in maintaining normal pollen development under drought stress in 
chickpea. 
3.3.9 Pod development during drought stress 
Terminal drought stress is known to severely affect pod development in chickpea. It is 
essentially manifested as increased pod abortion and reduced pod production (Leport et al., 
2006). Earlier studies demonstrated that a spike in ABA concentration in pods during drought 
stress inhibits the uptake of sucrose leading to increased pod abortion (Ahmadi and Baker, 
1999, Pang et al., 2016). In agreement with previous reports, ABA biosynthetic gene NCED1 
(LOC101492033: YP; ICC283 - 1.82 fold↑) was specifically up-regulated in the sensitive 
genotype. In addition to NCED1, increased expression of ABI5 (LOC101506390) and RD29B 
(LOC101511871) was also observed in the sensitive genotype (Figure 3.12). Further, 
dehydration response element DREB1A (LOC101511871: ICC8261 -  2.43 fold↑; ICC283- 1.2 
fold↓), which is associated with ABA-independent signalling was specifically up-regulated in 
the tolerant genotype. Hence, it is proposed that up-regulation of NCED1 may lead to increased 
ABA accumulation during drought stress in the sensitive genotype, while DREB1A may play 
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an essential role in controlling drought responses and promoting normal pod development in 
the tolerant genotype (Qin and Zeevaart, 1999, Oh et al., 2005). Along with increased ABA 
accumulation, carbohydrate deprivation as a result of decreased photosynthetic rate is also 
implicated with increased pod abortion during drought stress (Liu et al., 2005). Here, specific 
down-regulation of bidirectional sugar transporter SWEET3 (LOC101504169: YP; ICC283 – 
1.53 fold↓) was observed in the sensitive genotype. A recent study in Arabidopsis 
demonstrated that members of SWEET transporters family are involved in sucrose efflux from 
seed coat to embryo and are essential for maintaining optimal yield potential (Chen et al., 
2015). In the sensitive genotype, down-regulation of SWEET3 may negatively impact sucrose 
transport and seed filling as previously reported in chickpea (Pang et al., 2016). Finally, three 
homologs of exordium EXO (LOC101494177, LOC101501686, LOC101502011) were 
specifically up-regulated in the tolerant genotype. Increased expression of EXO genes suggests 
an active brassinosteroid signalling that eventually leads to increase in cell expansion and 
biomass production in the tolerant genotype (Schroder et al., 2011). Interestingly, one of the 
EXO genes, EXORDIUM-like (LOC101501686) was contrastingly regulated between both 
genotypes (Figure 3.12). Overall, these results indicate the important role of NCED1/PP2C-
51/ABI5 (ABA-dependent signalling), DREB1A (ABA-independent signalling), SWEET3 
(sucrose transport) and EXORDIUM (biomass production) genes in either positive or negative 
modulation of transcriptomic responses during early pod development in the tolerant and 
sensitive genotypes during drought stress. 
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Figure 3.12 Heatmap representing the differential expression of genes involved in Pollen development (POLLEN), Pod development (POD) 
and Circadian rhythm (CIR CLOCK). The scale colour at the top-left represents log2 fold change.
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3.3.10 The effect of drought stress on circadian clock genes during 
reproductive development  
In plants, circadian rhythm is crucial for controlling various physiological and developmental 
processes based on diurnal cycles of light and darkness to ensure normal plant growth. 
According to the current knowledge, circadian clock regulates plant stress responses by 
controlling the expression of key transcriptional regulators involved in multiple stress 
responsive pathways. Conversely, abiotic stresses lead to altered expression/splicing of 
circadian clock genes, which suggests a feedback regulation between stress responsive 
pathways and clock function (Seo and Mas, 2015). Circadian clock function is also known to 
play an important role in controlling flowering time in plants (Doyle et al., 2002). According 
to the current molecular model of circadian clock function in Arabidopsis, the expression of 
morning phased genes CCA1/LHY peaks at the dawn, which then induce the expression of 
APRR genes. Increased expression of APRR genes results in the suppression of CCA1/LHY 
along with RVE8, which is known to activate the expression of evening-phased genes that 
include TOC1, ELF3, ELF4 and LUX (Greenham and McClung, 2015). Drought stress was 
found to drastically alter the expression of circadian genes such as LHY, TOC1, APRR and 
ELF4 between the two genotypes specifically during the early floral initiation. During the POF 
stage, CCA1/LHY (LOC101500635) was up-regulated in the tolerant but down-regulated in the 
sensitive genotype, while APRR5 (LOC101514597) was down-regulated in the tolerant and 
up-regulated in the sensitive genotype (Figure 3.12). Out of three members belonging to 
REVEILLE family, one was contrastingly regulated between both genotypes, while the 
remaining two were specifically down-regulated in the sensitive genotype (Figure 3.12). In 
addition, evening-phased genes such as APRR1/TOC1 (LOC101500788), transcription factor 
PCL1-like/LUX (LOC101515043) and ELF4 (LOC101498412) were down-regulated in the 
tolerant but up-regulated in the sensitive genotype (Figure 3.12). In this study, the plant tissues 
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were sampled during the mid-day which suggests an early activation of evening-phased genes 
in the sensitive genotype. Alteration of circadian clock machinery was found to severely alter 
flowering time and plants ability to cope with abiotic stresses (Grundy et al., 2015, Doyle et 
al., 2002). For example, over-expression CCA1/LHY resulted in an increased tolerance to 
drought stress, whereas over-expression of TOC1 resulted in severe water loss and increased 
susceptibility to drought stress (Lai et al., 2012, Legnaioli et al., 2009). The LHY is also known 
to regulate the expression of ABA-responsive genes in a direct manner (Huang et al., 2007). 
Taken together, these results suggest genotype-specific regulation of circadian clock 
machinery (LHY and ELF4) and their role in controlling flowering time and stress responsive 
pathways during early stages of floral emergence under drought stress. Further studies need to 
be performed to unravel the mechanism of circadian clock function and its role in stress-
responsive gene expression during various stages of plant development in chickpea. 
3.4 CONCLUSIONS 
In summary, this study represents the first use of transcriptome sequencing to understand the 
drought-responsive gene expression during various stages of reproductive development in 
chickpea. The study revealed dynamic changes in gene expression in a genotype- and stage-
specific manner during all five stages of reproductive development. A genotype-specific 
transcriptome reprogramming was more prevalent specifically during the FOF and YP stages. 
The majority of the genes were differentially expressed during the FB and POF stages, which 
highlights the importance of these stages during reproductive development under drought 
stress. Multiple gene families involved in signal transduction, regulation of transcription, 
transporter activity, phytohormone signalling, circadian clock and reproductive (flower, pollen, 
and pod) development were differentially regulated in response to drought stress. The study 
uncovered significant changes in the expression of a gene cluster associated with 
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transcriptional regulation (WRKY/ERF/ZAT10) indicating its potential role in mediating 
drought-responsive gene expression during reproductive development. Further, genes involved 
in transcription factor activity (ARF2, ARF19, bHLH100, bHLH108), signal transduction 
(NPK1, SUB1, PRK1, ERECTA, ERL1), pollen development (ACOS5, FAR2, CYP703A2, 
CYP704B1, ABCG26), pod development (EXO) and circadian clock (LHY) showed increased 
expression specifically in the tolerant genotype, which makes them potential candidates for 
further functional analysis. The study also revealed genotype-specific reprogramming of genes 
involved in phytohormone biosynthesis and signalling specifically during the FB and POF 
stages. This indicates their important role in controlling reproductive development during 
drought stress. The genotype-specific expression of auxin and jasmonate related genes (ARF2, 
ARF19, AUX1, PIN1b, LOX, TIFY) and their down-stream targets (XTH22, PID, MYB21, 
MYB24) during the FB and POF stages suggests the critical role of these phytohormones in 
regulating flower development (Figure 3.8 and Figure 3.9). During early pod development, 
activation of ABA-independent (DREB1A) and –dependent (NCED1, ABI5, RD29B) signalling 
pathways in the tolerant and sensitive genotypes may form the molecular basis for reduced pod 
abortion in chickpea (Pang et al., 2016). Overall, this study provides a better understanding of 
various regulatory mechanisms during different stages of reproductive development under 
drought stress. The above-mentioned genes may serve as potential candidates for maintaining 
successful reproductive development under water deficit conditions to increase yield under 
drought. 
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4 CHAPTER 4 
Small RNA sequencing reveals the role of microRNAs during reproductive 
development in drought-tolerant and -sensitive chickpea genotypes 
4.1 INTRODUCTION 
Plants have developed various strategies at molecular, cellular, metabolic and physiological 
levels to cope with drought stress as a result of long term evolutionary process (Seki et al., 
2007). Plant adaptation to drought stress is a complex phenomenon that involves alterations in 
plant water uptake, stomatal conductance, osmotic adjustment, production of antioxidant 
enzymes and protective molecules as well as changes in phytohormone mediated signaling 
(Reddy et al., 2004, Achard et al., 2006). For example, abscisic acid (ABA) has been 
extensively studied for its role in stress responsive signalling and was found to participate in 
cross-talk with other phytohormones (salicylic acid and ethylene) during plants adaptation to 
abiotic stresses (Fujita et al., 2006). Regulation of drought responsive gene expression 
controlled at post-transcriptional and epigenetic levels play a critical role in accumulation of 
various stress responsive proteins and metabolites that confer tolerance/susceptibility during 
drought stress conditions. 
In plants, microRNAs (miRNAs) represent an important component of post-
transcriptional gene regulation and they are known to play a key role in various processes such 
as growth, development, reproductive transition, phytohormone signalling, transposon 
regulation and response to various biotic and abiotic stresses (Sunkar et al., 2007). They belong 
to a class of ~21 nucleotide small non-coding RNAs that negatively regulate their target 
expression by cleavage or translation inhibition depending on perfect or near-perfect binding 
to their target mRNAs (Mantri et al., 2013). Expression of miRNAs is altered in response to 
abiotic stresses and was recently reviewed (Ding et al., 2013). For example, miR394 is a 
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conserved miRNA is up-regulated in responses to multiple metal induced stresses (Song et al., 
2013a). Many conserved miRNAs were also found to be regulated in response to drought stress 
in several plant species (Sunkar and Zhu, 2004, Arenas-Huertero et al., 2009, Kulcheski et al., 
2011, Barrera-Figueroa et al., 2011). They control drought responsive gene expression by 
regulating various pathways such as auxin signalling, ABA mediated signal transduction, 
antioxidant activity, osmoprotectant biosynthesis and transcription factor activity (Ding et al., 
2013). Few studies have demonstrated the over-expression of miRNAs such as osa-miR319 
and miR394 contributes to an increase in drought tolerance (Ni et al., 2012, Zhou et al., 2013). 
In chickpea, previous studies were focused on genome-wide discovery and characterization of 
miRNAs (Jain et al., 2014, Srivastava et al., 2015). Additionally, over-expression of Ca-
miR408 that targets plantacyanin led to the activation of DREB and increased drought 
tolerance in chickpea (Hajyzadeh et al., 2015). However, no studies were performed to 
decipher the genome-wide regulation of drought responsive miRNAs in chickpea.  
Flower development in plants is a complex phenomenon that is tightly controlled by 
external stimuli and specific gene regulatory networks. Flowering is mainly controlled by early 
organ identity genes as well as genes involved in organogenesis and tissue development (Coen 
and Meyerowitz, 1991). In legumes, the model of flower development does not follow the 
traditional ABC model of flower development as observed in Arabidopsis. A common 
primordium was known to initiate the formation of two or three primordia, suggesting a single 
set of genes controlling the development of multiple floral organs (Tucker, 1987). At molecular 
level, the transcriptome dynamics of flower development in chickpea was recently elucidated 
(Singh et al., 2013). The miRNAs are known to play a vital role in various aspects of flower 
development such as vegetative phase change (miR156), vegetative to reproductive phase 
transition (miR172), floral organ identity (miR156, miR172) and cell type specification during 
floral organ development (miR159, miR167, miR169, miR319) (Mlotshwa et al., 2006, Wu et 
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al., 2006, Wang et al., 2009, Nag et al., 2009, Wollmann et al., 2010, Alonso-Peral et al., 2012). 
In addition, miRNAs are also known to control seed development. The Arabidopsis plants 
lacking a miRNA biogenesis gene DCL1 resulted in increased activation of squamosa 
Promoter-Binding Protein-Like SPL10 (miR156) resulting in premature occurrence of late seed 
developmental stages (Nodine and Bartel, 2010). Similarly, alterations in 
miR160:ARF10/11/17, miR164:CUC1/CUC2, miR159a/b:MYB33/MYB65, 
miR172:APETALA2 and miR167:ARF6/8 modules also resulted in defective embryogenesis 
and seed development (Laufs et al., 2004, Mallory et al., 2005, Allen et al., 2007, Zhu et al., 
2009, Todesco et al., 2010). 
In chickpea, terminal drought stress is known to severely affect seed yield, which is 
caused by flower and pod abortion, reduction in pod number, reduced seed size, carbohydrate 
deprivation and increased accumulation of abscisic acid (Leport et al., 1999, Leport et al., 2006, 
Fang et al., 2009, Pang et al., 2016). Hence, understanding the regulation of drought responsive 
miRNAs during different stages of reproductive development is critical for deciphering post-
transcriptional control of various molecular pathways involved in flower and pod development 
in response to drought stress. Furthermore, use of two genotypes with contrasting tolerance 
towards drought stress provides a better understanding of genotypic divergence in molecular 
mechanisms controlled by drought responsive miRNAs and their role in conferring drought 
tolerance to chickpea.  
As discussed above, miRNAs are actively involved in the vegetative to reproductive 
phase transition (SAM), floral organ development (POF) and seed development (YP). In 
chickpea, drought stress is known to severely impact floral transition, and flower and pod 
development. Hence, it was hypothesized that miRNAs may play an active role in the 
regulation of drought responsive gene expression during shoot apical meristem (SAM), 
partially opened flower (POF) and young pod (YP) under drought stress. To understand their 
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critical role, the small RNA component from the three reproductive stages (SAM, POF, YP) 
was sequenced from the same tissue used for transcriptome sequencing in chapter 3. This 
allowed to integrated miRNA-mRNA expression analysis and identification of potential 
regulatory modules that help to maintain normal reproductive development under drought 
stress. As a result, 406 conserved miRNAs belonging to 235 miRNA families as well as 16 
novel miRNAs were identified. A total of 260 conserved, 22 chickpea-specific and 5 novel 
miRNAs were differentially regulated in genotype- and treatment- and stage-specific manner. 
In response to drought stress, 42 (SAM), 49 (POF) and 55 (YP) miRNAs were differentially 
regulated in the tolerant genotype, whilst 20 (SAM), 30 (POF) and 42 (YP) miRNAs were 
differentially regulated in the sensitive genotype. Finally, the mRNA targets of the 
differentially expressed miRNAs were predicted and integrated miRNA-mRNA expression 
analysis was performed. This allowed identification of various molecular mechanisms that are 
regulated by these miRNAs along with their potential role in modulating reproductive 
development during drought stress in chickpea.  
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4.2 MATERIALS AND METHODS 
4.2.1 Plant Materials, Growth Conditions and Physiology experiment 
Please refer to section 3.2. for the method of physiology experiment. The same tissue samples 
from the SAM, PAF and YP stages were used for miRNA analysis. 
4.2.2 Small RNA isolation, quality control, library preparation and 
sequencing 
The small RNA was extracted using Trizol reagent and purified using mirVana kit 
(Thermofisher, USA) with some modifications. The qualitative and quantitative assessment of 
total RNA was performed using Nanodrop Lite Spectrophotometer (Thermofisher Scientific, 
USA) and the size was assessed using Bioanalyzer 2100 (Agilent technologies, USA). The 
RNA samples with a 260/280 absorbance ratio between 2.1 to 2.2 and 260/230 absorbance 
ratio between 2.0 to 2.5 were used for library preparation and sequencing. Small RNA 
sequencing libraries were prepared using Illumina TruSeq Small RNA Library preparation kit 
following manufacturer’s instructions (Illumina, USA).  The libraries were quantified using 
Bioanalyzer 2100 (Agilent, USA) and Kapa library quantification kit (Kapa Biosystems, USA). 
The quantified libraries were subsequently pooled and sequenced using Illumina Nextseq 500 
platform. A total of 36 small RNA-Seq libraries were sequenced with each genotype, 
reproductive stage and treatment condition being represented by three biological 
replicates. 
4.2.3 Small RNA data analysis 
The raw reads were pre-processed to trim adapters and remove low quality reads using cutadapt 
v1.10 (Martin, 2011). The length distribution of clean reads were assessed using FastQC tool 
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kit (Andrews, 2010). Only the reads ranging from 18 to 24 nucleotides were retained for further 
analysis. All redundant reads were collapsed to only retain unique reads, with a record of 
number of counts for each sequence. The collapsed reads were subsequently mapped to 
chickpea genome (Varshney et al., 2013) using Bowtie v1.0 (Langmead, 2010) with one 
mismatch allowed. The perfectly mapped reads were then aligned to NCBI Genbank 
(http://www.ncbi.nlm.nih.gov/genbank/) (Benson et al., 2015) and Rfam 11.0 database 
(http://rfam.xfam.org/) (Burge et al., 2013) using Bowtie v1.0 to determine rRNAs, tRNAs, 
snRNAs and snoRNAs. The sequences that aligned to these databases were discarded from 
further analysis. The remaining reads were aligned to miRBase v22 
(http://www.mirbase.org/ftp.shtml) to detect conserved viridiplantae miRNAs. A maximum of 
two mismatches were allowed for the alignment. A conserved read is defined as having no 
more than two mismatches with known miRNA sequences; otherwise reads are defined as non-
conserved reads. For the identification of novel miRNAs, the cleaned reads were aligned to 
chickpea genome using Bowtie v1.0. The aligned reads were used as an input for plant 
optimized sRNA program ShortStack v3.4 with default parameters. It also uses other sRNA 
programs including RNAfold and RNAplot to identify hairpins and miRNAs (Axtell, 2013, 
Shahid and Axtell, 2014). 
4.2.4 Differential expression analysis 
Differentially expressed miRNAs were identified using edgeR (Robinson et al., 2010) on R 
statistical environment (Team, 2013). To determine significantly expressed miRNAs, a 
stringent cut-off criteria was used (p-value ≤ 0.001, FDR ≤ 0.05, ). 
4.2.5 MiRNA target prediction and enrichment analysis 
To predict the putative targets of conserved and novel miRNAs, we used psRNATarget 
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webserver (http://plantgrn.noble.org/psRNATarget/), with default parameters, including 
maximum expectation score (3.0), length for complementarity (17 bp) and range of central 
mismatch (10–11 nt) (Dai and Zhao, 2011). The Cicer arietinum (chickpea) transcript library, 
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000331145.1_ASM33114v1/GCF_000331145.
1_ASM33114v1_rna.fna.gz) was used to predict target transcripts. Gene enrichment analysis 
of target genes was performed using AgriGo (GO Analysis Toolkit and Database for 
Agricultural Community) web server (Du et al., 2010) and visualized using ReviGo (Supek et 
al., 2011). The Kyoto encyclopedia of genes and genomes (KEGG) database was used for 
mapping various DEGs involved in metabolic pathways (Kanehisa et al., 2010). 
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4.3 RESULTS 
4.3.1 Small RNA sequencing and data analysis 
To understand genotype-specific regulation of drought responsive miRNAs during the three 
reproductive stages, 36 small RNA libraries were sequenced. At each stage, 12 libraries were 
sequenced which comprised of three drought stressed samples and their well-watered 
counterparts belonging to the drought tolerant (ICC 8261) and drought sensitive (ICC 
283) chickpea genotypes. In total, 320 million raw reads and 268 million clean reads with an 
average of 7.4 million reads for each biological replicate were generated (Supplementary Table 
4.1). The clean reads were used to analyse the quality and size distribution of fragments for 
each library. The distribution showed a significant enrichment of reads between 20 and 24 
nucleotides, which is consistent with expected length of mature miRNAs in plants (Appendix 
5). The clean reads were subsequently aligned to the chickpea genome using Bowtie v1.0.0 
(Langmead, 2010). On an average, 84.64% of reads obtained from ICC 8261 and 83.35% of 
reads obtained from ICC 283 were uniquely mapped to the chickpea reference genome (Figure 
4.1). These results indicate high quality of small RNA reads and the chickpea reference genome 
(Varshney et al., 2013).  
The aligned reads were collapsed and the reads ranging from 18 to 24 nucleotides were 
retained for further analysis. Bowtie.v1.0.0 was used to align the reads to the Genbank, 
Repbase and Rfam v11.0 databases to identify and annotate different classes of small RNAs 
that were represented in both genotypes (Jurka et al., 2005, Burge et al., 2013, Benson et al., 
2015). During all the three stages under investigation, various small RNA families were 
identifed as follows: rRNAs (ICC 8261 – 4.03%, ICC 283 - 3.84% redundant reads), tRNAs 
(ICC 8261 - 0.60%, ICC 283 – 0.41% redundant reads). Overall, the size and distribution as 
well as abundance of small RNA reads are consistent with the previous studies 
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2015b).  
 
Figure 4.1 A bar graph illustrating the distribution of various small RNA families (rRNA, 
tRNA and miRNA) during three reproductive stages in tolerant (ICC8261) and sensitive 
(ICC283) genotypes4.3.2 Identification of conserved miRNAs 
The cleaned small RNA reads were aligned to mature plant miRNAs deposited in the mirBase 
to investigate the presence of conserved miRNA families (Griffiths-Jones et al., 2006). In the 
tolerant genotype, an average of 649,045 (14.80%) redundant reads were mapped to mirBase, 
whilst 797,270 (17.34%) redundant reads were mapped to mirBase sequences in the sensitive 
genotype (Figure 4.1). Further, 406 miRNAs belonging to 235 conserved miRNA families 
were identified in both the genotypes during the two conditions. Under both conditions, 134, 
143 and 149 miRNA families were expressed in the tolerant genotype, while 130, 136 and 113 
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miRNA families were expressed in the sensitive genotype during the SAM, POF and YP stages, 
respectively. During all the three stages, Ca-miR166 was the most abundant miRNA family 
represented by 16 members. Other miRNA families such as the Ca-miR156 (13), Ca-miR171 
(10), Ca-miR167 (6), Ca-miR319 (9), Ca-miR396 (7), Ca-miR159 (8) and Ca-miR172 (6) were 
represented by more than 5 members (Supplementary Table 4.2). Along with the above, 
members belonging to the Ca-miR156, Ca-miR159, Ca-miR166, Ca-miR167, Ca-miR168, Ca-
miR319, Ca-miR390, Ca-miR396, Ca-miR398 and Ca-miR7767 families were found to be 
abundantly expressed with more than 1000 RPM during the different stages of reproduction 
(Supplementary Table 4.2). 
4.3.1.1 Commonly distributed miRNAs under both conditions 
The stage- and genotype-specific distribution of various miRNAs were analysed. Under both 
well-watered (WW) and drought-stressed (DS) conditions, a total of 161 conserved miRNAs 
were commonly regulated during the three reproductive stages in the sensitive and tolerant 
genotypes. In addition, 20 (ICC8261-SAM), 4 (ICC283-SAM), 4 (ICC8261-POF), 9 (ICC283-
POF), 17 (ICC8261-YP) and 23 (ICC283-YP) miRNAs were specifically expressed during the 
different reproductive stages (Figure 4.2A). 
4.3.1.2 Treatment specific distribution of miRNAs 
The distribution of miRNAs in WW and DS plants of the sensitive and tolerant genotypes was 
compared. In the WW plants, 153 miRNAs were expressed during the three reproductive stages 
in both genotypes. The number of miRNAs that were specifically expressed during different 
reproductive stages were significantly higher in the tolerant genotype when compared to the 
sensitive genotype with the exception of ICC283-YP-WW (Figure 4.2B). This clearly suggests 
an active role of miRNA mediated post-transcriptional regulation during the SAM and POF 
stages in the tolerant genotype. Additionally, 156 miRNAs were commonly expressed during 
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the three reproductive stages under drought-stressed conditions. Interestingly, more miRNAs 
were specifically expressed in the sensitive genotype when compared to the tolerant genotype 
with the exception of ICC8261-SAM-DS (Figure 4.2C).  
4.3.1.3 Genotype-specific distribution of miRNAs 
The genotype-specific analysis revealed 167 miRNAs were commonly expressed during the 
three reproductive stages under the WW and DS conditions in both the genotypes (Figure 4.3 
A/B). Interestingly, more miRNAs were specifically expressed in the WW plants of the tolerant 
genotype, whereas more miRNAs were specifically expressed in the DS plants of the sensitive 
genotype (Figure 4.3 A/B). Several miRNAs exhibited genotype-, stage- and treatment-specific 
expression in both the genotypes. In the tolerant genotype, 11 miRNAs that include Ca-
miR398a-3p, Ca-miR5059 and Ca-miR5632-5p were specifically expressed during the SAM, 
whilst 30 miRNAs such as Ca-miR156k-5p, Ca-miR162a-5p, Ca-miR169d/g were expressed 
during the YP stage in the WW plants. Under the DS condition, Ca-miR7584e and Ca-
miR8762d were specifically expressed during the SAM stage, while 7 miRNAs such as Ca-
miR167b-5p, Ca-miR2111a, Ca-miR397b-3p, Ca-miR5058, Ca-miR530, Ca-miR530b were 
expressed during the POF stage and Ca-miR5368 was specific to the YP stage.  
In the sensitive genotype, miRNAs such as Ca-miR7504g was specifically expressed 
at the POF stage, whilst Ca-miR3638-3p, Ca-miR4388, Ca-miR530, Ca-miR6173 and Ca-
miR6265 were specifically expressed at the YP stage under WW condition. 
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Figure 4.2 (A) Genotype and stage specific distribution of conserved miRNAs during three reproductive stages; (B) Distribution of conserved 
miRNAs expressed under well-watered (WW) condition; (C) Distribution of conserved miRNAs expressed under drought-stressed (DS) condition  
(8261 – ICC8261; 283 – ICC283)
A B C
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Figure 4.3 (A) Venn diagrams representing genotype-specific distribution of conserved miRNAs in tolerant (ICC8261) and (B) sensitive genotype 
(ICC283)
A B
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In DS plants, 7 miRNAs that include Ca-miR1870-5p, Ca-miR7717a-5p, Ca-miR864-3p were 
expressed during SAM, 4 miRNAs such as Ca-miR160b, Ca-miR5794, Ca-miR7716-5p and 
Ca-miR8693 during POF and 7 miRNAs such as Ca- miR171o-5p, Ca-miR5083 and Ca-
miR6439a were expressed during the YP stage. These results correlate with previous studies 
that demonstrated genotype- and tissue-specific expression of miRNAs in plants (Zhang, 
2015). The results also indicate the potentially diverse role of miRNAs during reproductive 
transition and flower/pod development under drought stress in chickpea. 
4.3.2 Identification of novel miRNAs  
The Shortstack software was used to analyse and identify novel miRNA loci (Axtell, 2013). 
To avoid false positives, only candidates with more than 10 counts in at least one library were 
retained for further analysis. A total of 16 miRNA candidates were identified as novel miRNAs, 
with their lengths ranging between 21 and 22 nucleotides (Table 4.1). The stability of these 
novel miRNAs was calculated based on minimum free energy (MFE) of their RNA secondary 
structures using RNAfold web server (Hofacker, 2003). The average MFE of novel miRNA 
precursors was -45.98 kcal/mol -1, which was similar to other plant miRNA precursors (–56.83 
kcal mol–1 in soybean, –67.73 kcal mol–1in Medicago, –76.2 kcal mol–1 in Arabidopsis and –
71.57 kcal mol–1 in rice, –57.58 kcal mol–1 in chickpea) indicating high confidence of predicted 
novel miRNAs (Table 4.1) (Appendix 7). All the novel miRNAs showed expression in at least 
one of the three reproductive stages under study (Supplementary Table 4.3). The targets of 
these novel miRNAs were then predicted using psRNATarget tool with default parameters (Dai 
and Zhao, 2011). The analysis revealed 271 mRNAs being targeted by 16 novel miRNAs 
(Supplementary Table 4.4). The GO analysis of novel miRNA targets revealed the enrichment 
of 36 GO terms. Of these, processes related to biological regulation (GO:0065007), signal 
transduction (GO:0007165), response to abiotic stimulus (GO: 0009628), response to ethylene 
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stimulus (GO:0009723), response to hormone stimulus (GO:0009725) and reproductive 
structure development (GO:0048608) were significantly enriched (Figure 4.4A/B). Among the 
targets, genes associated with hormone signalling such as auxin transport protein BIG 
(LOC101502201), protein phosphatase 2C 12 PP2C-12 (LOC101505057) and PP2C-32 
(LOC101510249), ethylene-insensitive protein 2 EIN2 (LOC101495756), ethylene receptor 2  
ETR2 (LOC101512933), BES1/BZR1 homolog protein 2 (LOC101491101) and type I inositol 
1,4,5-trisphosphate 5-phosphatase 1-like (LOC101502078) were regulated by Ca3-
NovmiR002, Ca3-NovmiR010, Ca3-NovmiR013, Ca3-NovmiR015 and Ca3-NovmiR016, 
respectively (Supplementary Table 4.4).  
Table 4.1 List of predicted novel miRNAs 
 
 
Figure 4.4 (A) Biological processes enriched by the targets of Novel miRNAs (B) Molecular 
functions enriched by the targets of novel miRNAs 
 
Novel	miRNA Locus Cluster	Name Sequence Length MFE	(Minimum	free	energy)
Ca3-NovmiR001 NC_021162.1:22008944-22009026 Cluster_107936 UUUGGUUUCAUGGUAGGAUUG 21 -44.20	kcal/mol	
Ca3-NovmiR002 NC_021160.1:12342308-12342481 Cluster_12279 UUCCAACACUCUCUUUGAUUG 21 -84.50	kcal/mol
Ca3-NovmiR003 NC_021160.1:12382186-12382312 Cluster_12319 UCAAGAUCAAUCUUUCAGGCC 21 -73.20	kcal/mol	
Ca3-NovmiR004 NC_021162.1:38801424-38801674 Cluster_123941 UUGCACCUUCUUCAUUGACGCC 22 -89.50	kcal/mol
Ca3-NovmiR005 NC_021163.1:903315-903555 Cluster_125929 ACUGAUCUCACUCCUGAAAUG 21 -49.90	kcal/mol
Ca3-NovmiR006 NC_021163.1:14890005-14890089 Cluster_139361 UCUGAAGUGAGUCAAAACGCU 21 -44.00	kcal/mol
Ca3-NovmiR007 NC_021160.1:18096187-18096304 Cluster_17814 UUGGGUUAUAAUUUAGUCGAC 21 -65.70	kcal/mol	
Ca3-NovmiR008 NC_021165.1:3446004-3446208 Cluster_224753 UGUUGCAAUCGACCAGGACUAC 22 -36.30	kcal/mol
Ca3-NovmiR009 NC_021165.1:9124971-9125268 Cluster_230235 UCAUUUGAGGACUAUAGGGAU 21 -46.70	kcal/mol
Ca3-NovmiR010 NC_021165.1:10902802-10903047 Cluster_231974 GAUAAGGCUAAAAUGGAAACA 21 -60.90	kcal/mol
Ca3-NovmiR011 NC_021165.1:21404596-21404797 Cluster_241681 UGUUGCGUUGGCGAUUACCAUG 22 -53.43	kcal/mol	
Ca3-NovmiR012 NC_021167.1:4522186-4522300 Cluster_334543 UGACUAAUCUGAGAUUUUGGC 21 -42.00	kcal/mol
Ca3-NovmiR013 NC_021160.1:40662325-40662410 Cluster_40241 UACCGCUUUUUGUUUUUAUUG 21 -40.00	kcal/mol
Ca3-NovmiR014 NW_004516266.1:552866-553005 Cluster_438518 UUGAAUAUGUGAGGCGCUGUU 21 -59.10	kcal/mol
Ca3-NovmiR015 NW_004516779.1:61333-61497 Cluster_472812 UCUAAAUCUUAAUCCAAUGGC 21 -55.50	kcal/mol
Ca3-NovmiR016 NC_021162.1:7692425-7692663 Cluster_92991 UUCCAUUGUUUUUUGUUGAACC 22 -43.60	kcal/mol	
BA
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Transcription factors such as ethylene-responsive transcription factors ERF (LOC101505856 
and LOC101502158), auxin response factor 19 ARF19 (LOC101489666) and heat stress 
transcription factor A-1b-like (LOC101514812) were targeted by Ca3-NovmiR010, Ca3-
NovmiR013, Ca3-NovmiR015 and Ca3-NovmiR016, respectively. Additionally, genes 
associated with circadian clock function, photoperiodism and flower development that include 
LHY (LOC101500635), TIME FOR COFFEE (LOC101496754), GAMETE EXPRESSED-1 
(LOC101502394), and DIVARICATA-like (LOC101504597) were regulated by Ca3-
NovmiR001, Ca3-NovmiR003, Ca3-NovmiR012 and Ca3-NovmiR013, respectively. Finally, 
various stress responsive genes such as ABC transporter B family member 13-like ABCB13-
like (LOC101499791), aldehyde dehydrogenase family 3 member H1-like (LOC101510937) 
and DEHYDRATION-INDUCED 19 homolog 5-like (LOC101502330) were targeted by Ca3-
NovmiR001, Ca3-NovmiR014 and Ca3-NovmiR016 respectively.  
4.3.3 Differential expression analysis of conserved and novel chickpea 
miRNAs 
4.3.3.1 Differential expression of drought responsive miRNAs 
Differential expression analysis of miRNAs was performed by retrieving the counts for 
conserved miRNAs from mirBase as well as chickpea specific miRNAs identified by (Jain et 
al., 2014) (Prefix: “Ca1-”), (Srivastava et al., 2015) (Prefix: “Ca2-”) along with novel miRNAs 
identified in current study (Prefix: “Ca3-”). EdgeR was used for differential expression analysis 
and the significance of expression was based on the following parameters: p-value (≤ 0.001) 
and FDR (≤ 0.05). Out of the 456 miRNAs, 287 (67.5%) were differentially regulated in 
treatment-, genotype- and stage-specific manner (Supplementary Table 4.5). 
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Figure 4.5 (A) Venn diagrams illustrating the  genotype and stage specific regulation of drought responsive miRNAs (B) Differential expression 
of miRNAs between drought stressed plants of tolerant (ICC8261) and sensitive (ICC283) during three reproductive stages (C) Differential 
expression of miRNAs between well-watered plants of tolerant and sensitive genotypes during SAM, POF and YD
A B C
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Figure 4.6 (A) Heatmap representing the differential expression of drought responsive 
miRNAs during SAM, POF and YP in tolerant (ICC 8261) and (B) sensitive (ICC 283) 
genotypes. The scale colour at the top-left represents log2 fold change.  
A B
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Of these, 42 (SAM), 49 (POF) and 55 (YP) miRNAs were differentially expressed in the 
tolerant genotype (ICC8261-DS vs. ICC8261-WW) during drought stress, whilst 20 (SAM), 
30 (POF) and 42 (YP) miRNAs were differentially expressed in the sensitive genotype 
(ICC283-DS vs. ICC283-WW) in response to drought stress (Figure 4.5A). Interestingly, 
majority of the miRNAs showed genotype-specific regulation during the three reproductive 
stages. However, few miRNAs were commonly expressed in both the genotypes during the 
SAM (Ca-miR166i; Ca-miR167d-5p), POF (Ca-miR168a-5p, Ca-miR162-3p; Ca-miR5565e; 
Ca-miR172c; Ca-miR393b-5p; Ca-miR166d-5p) and YP (Ca-miR530b; Ca-miR530; Ca-
miR156c-3p; Ca-miR2111a) stages.  
During the SAM and YP stages, Ca-miR166i (SAM; ICC 8261 – 0.66 fold↑; ICC 283 
– 0.47 fold↓), Ca-miR167d-5p (SAM: ICC 8261 – 0.62 fold↑; ICC 283 – 0.59 fold↓), Ca-
miR530 (YP: ICC 8261 – 2.75 fold↑; ICC 283 – 1.25 fold↓), Ca-miR530b (YP: ICC 8261 – 
4.06 fold↑; ICC 283 – 2.52 fold↓), Ca-miR156c-3p (YP: ICC 8261 – 5.38 fold↑; ICC 283 – 
1.25 fold↓) and Ca-miR2111a (YP; ICC 8261 – 2.48 fold↑; ICC 283 – 1.66 fold↓) were up-
regulated in the tolerant but down-regulated in the sensitive genotype. On the contrary, during 
POF, Ca-miR168a-3p (POF: ICC 8261 – 1.18 fold↓; ICC 283 – 1.51 fold↑), Ca-miR162-3p 
(POF: ICC 8261 – 2.49 fold↓; ICC 283 – 2.54 fold↑), Ca-miR172c (POF: ICC 8261 – 1.75 
fold↓; ICC 283 – 1.92 fold↑), Ca-miR166d-5p (POF: ICC 8261 – 0.85 fold↓; ICC 283 – 2.02 
fold↑), Ca-miR393b-5p (POF: ICC 8261 – 1.02 fold↓; ICC 283 – 1.38 fold↑) and Ca-
miR5565e (POF: ICC 8261 – 1.87 fold↓; ICC 283 – 1.50 fold↑) were down-regulated in the 
tolerant but up-regulated in the sensitive genotype (Figure 4.6). These results clearly suggest a 
genotype- and stage-specific regulation of miRNAs during different reproductive stages in 
response to drought stress. In addition, contrasting regulation of commonly expressed miRNAs 
indicates an active miRNA-mediated gene regulation during the SAM and YP stages in the 
tolerant genotype and during the POF stage in the sensitive genotype. 
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4.3.3.2 Differential expression of miRNAs under DS and WW conditions 
Further analysis between the drought-stressed plants of the two genotypes (ICC8261-DS vs. 
ICC283-DS) revealed 64 (SAM), 77 (POF) and 59 (YP) differentially expressed miRNAs 
(Supplementary Table 4.5) (Figure 4.5B). Of these, Ca-miR4343a, Ca-miR156f and Ca-
miR5213-5p were commonly differentially expressed during the three reproductive stages. 
Whereas Ca-miR4343a (SAM – 2.58 fold↑; POF – 2.61 fold↓; YP – 4.38 fold↑) and Ca-
miR156f (SAM – 4.28 fold↑; POF – 7.14 fold↓; YP – 11.56 fold↑) were up-regulated during 
the SAM and YP stages, and Ca-miR5213-5p (SAM – 0.94 fold↓; POF – 2.03 fold↑; YP – 
2.75 fold↓) was up-regulated during the POF stage in the tolerant genotype. Similar analysis 
of well-watered plants (ICC8261-WW vs. ICC283-WW) identified differential expression of 
114 (SAM), 30 (POF) and 30 (YP) miRNAs between the two genotypes (Supplementary Table 
4.5) (Figure 4.5C). Of these, Ca-miR5554a-3p (SAM – 1.44 fold↑; POF – 1.93 fold↑) and Ca-
miR319c (SAM – 0.74 fold↑; POF – 1.94 fold↑) were up-regulated during the SAM and POF 
stages, Ca-miR2111l (SAM – 1.25 fold↓; YP – 2.92 fold↓) and Ca-miR1509 (SAM – 1.16 
fold↓; YP – 2.17 fold↓) were down-regulated during the SAM and YP stages and Ca-
miR8706a (POF – 2.59 fold↑; YP – 1.81 fold↓) was up-regulated during POF but down-
regulated during the YP stage.  
4.3.4 Gene target prediction 
To identify putative miRNA targets, the differentially regulated miRNA sequences were 
searched against the chickpea transcriptome using psRNATarget webserver. A total of 4292 
protein coding genes were targeted by 308 differentially expressed miRNAs consisting of 9513 
miRNA-target pairs (Supplementary Table 4.6). The targets were mainly associated with 
various biological and developmental processes, reproductive development, transcription 
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factors, phytohormone signalling and stress responses. Water deficiency in plants leads to 
dynamic reprogramming of regulatory and metabolic pathways in terms of signal transduction, 
membrane stability, osmotic balance, altered protein activity, membrane transport and 
excessive production of reactive oxygen species (Lata et al., 2015). Of these, 376 transcription 
factors were found to be targeted by 138 miRNAs comprising of various developmental and 
stress responsive transcription factor families such as AP2/AP2-ERF, AUX/IAA, ARF, bHLH, 
bZIP, C2C2, C2H2, HD-ZIP, HSF, MADS-box, MYB, NAC, SBP, TCP and WRKY 
respectively (Figure 4.7). The miRNAs such as Ca-miR172a-5p, Ca-miR166e-3p/u, Ca-
miR396g-5p, Ca-miR169m, Ca-miR159a/f, Ca-miR157d, Ca-miR160b, Ca-miR166d-5p, Ca-
miR2111a, Ca3-NovmiR015, Ca-miR319g/q that targeted ATHB14/15/40, AGL16/62, NFYA1, 
AIL1, SBP2/9/13A/17, ARF6/8/10/17/19 and TCP4 transcription factor genes, respectively 
were identified. Similarly, 212 genes associated with abiotic stress responses were genes were 
targeted by 132 miRNAs, which included delta-1-pyrroline-5-carboxylate synthase (Ca-
miR5653), heat shock proteins (Ca-miR396a/e/h/b-5p, Ca-miR4391, Ca-miR6455, Ca-
miR8011a-5p), laccase proteins (Ca-miR397a), guard cell S-type anion channel SLAC1 (Ca-
miR172d), E3 ubiquitin protein ligase DRIP2/PUB23/SDIR1 (Ca-miR159a, Ca-miR4388, Ca-
miR6439a, Ca-miR408-5p), serine/threonine protein kinases AtPK2/ATR/SRK2A/SRK2E/PP7 
(Ca-miR8762d, Ca-miR2593e, Ca-miR159e-5p, Ca-miR8015-5p, Ca-miR5022, Ca1-
NovmiR71).  
Further analysis revealed 58 genes involved in the signalling of various developmental 
and stress inducible phytohormones predicted to be targeted by 71 miRNAs. These include 
Cytokinin [two-component response regulator ARR proteins (Ca-miR393a, Ca-miR5380c, Ca-
miR4398, Ca-miR166e/k-3p, Ca-miR5750, Ca-miR1507a), histidine kinases AHK2/4 (Ca-
miR419, Ca-miR156f)], Gibberellin [gibberellin 20 oxidase 1 GA20ox1 (Ca-miR167c/d/d-5p), 
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Figure 4.7 Bar graph representing the major TF families that are being targeted by drought 
responsive miRNAs. 
gibberellin receptor GID1B-like (Ca-miR530 and Ca-miR847-5p), F-box protein GID2 (Ca-
miR2912a)], Brassinosteroid [brassinosteroid insensitive 1-associated receptor kinase 1 (Ca1-
NovmiR394a), receptor-like protein kinases HERK1 (Ca-miR4931, Ca-miR397b)], Ethylene 
[ethylene insensitive 3-like 3 protein (Ca-miR156k-5p), ethylene receptor ETR (Ca-
miR2912a), ethylene receptor 2 ETR2 (Ca3-NovmiR016), ethylene-insensitive protein 2 EIN2 
(Ca-miR8675c), serine/threonine-protein kinase CTR1 (Ca-miR2590h)], Jasmonic acid 
[jasmonic acid-amino synthetase JAR1 (ca-miR5298a)] and ABA [abscisic acid-insensitive 5-
like protein 5 ABI5 (Ca-miR156f, Ca-miR167f-3p), calcium-dependent protein kinase 3-like 
CPK3 (Ca2-NovmiR014) and phospholipase D alpha-1 like proteins (LOC101495559, 
LOC101513726; Ca-miR172d, Ca-miR167a-5p)] (Figure 4.8).  
Additionally, 140 miRNAs are predicted to target 270 genes involved in membrane 
transport of water, solutes and various metabolites were identified. Of these, three sucrose 
transporter proteins SUC4, SUC8 (LOC101496824, LOC101512936, LOC101514670), three 
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sugar transport proteins (LOC101493549, LOC101505564, LOC101510202) and ERD6-like 6 
(LOC101514914) are potentially targeted by Ca-miR1863b, Ca-miR6439a, Ca-miR4414b, Ca-
miR396a, Ca-miR4388, Ca-miR5576 and Ca2-NovmiR007/009. Furthermore, transporters 
belonging to NRT1/PTR family, cation/H(+) antiporter like proteins, ABC transporter (A, B, 
C, G) superfamily, TRANSPARENT TESTA-12 proteins and MATE efflux family proteins are 
also targeted by various miRNAs such as Ca-miR5633, Ca-miR5576, Ca-miR5227, Ca-
miR5380c, Ca-miR9748-3p, Ca-miR5380c, Ca-miR419, Ca-miR5576, Ca-miR4438, Ca-
miR5565e and Ca-miR2619b-5p, respectively (Supplementary Table 4.6).  Finally, 317 kinase 
related genes are predicted to be targeted by 177 miRNAs such as Ca-miR3704 (calcium-
dependent protein kinase 2), Ca-miR5227 (calmodulin-binding receptor-like cytoplasmic 
kinase 3), Ca-miR7990b, Ca-miR7767-5p, Ca-miR159a/f, Ca-miR396a-3p, Ca-miR3630-3p, 
Ca-miR5289a (CBL-interacting serine/threonine-protein kinase 2/8/11/12/21), Ca-miR9729, 
Ca-miR5227, Ca-miR5380c, Ca-miR1134, Ca-miR6439a, Ca-miR6135e.2-5p (mitogen-
activated protein kinases NPK1, YODA) and Ca-miR156f/j, Ca-miR166h-5p, Ca-miR319f 
(protein STRUBBELIG-RECEPTOR FAMILY 3/5).  
Apart from these, large number of genes involved in various steps of reproductive 
development were also found to be regulated by miRNAs. Major processes of reproduction 
include meristem development, photoperiodism, circadian rhythm, floral organ development, 
pollen development, floral whorl formation and seed development along with various 
transcription factors (MADS-box and AP2/AP2-ERF). A total of 166 miRNAs were predicted 
to target 229 genes involved in diverse aspects of reproductive development. MicroRNAs 
regulated various genes related to reproductive development such as 3-epi-6-
deoxocathasterone 23-monooxygenase (LOC101505609 - Ca3-NovmiR017/Ca-miR167a/c/d), 
BEL1-like homeodomain 9 (LOC101495863, LOC101498314 - Ca-miR1862a/Ca-miR4391), 
flowering time control FPA (LOC101500681: Ca-miR319a),  
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Figure 4.8 MiRNAs targeting components of various phytohormone signal transduction 
pathways
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PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (LOC101490716: Ca-
miR166a/b/i/g-3p), flowering-promoting factor 1-like (LOC101494723: Ca-miR5298a), 
receptor protein kinase TMK1 (LOC101505581/LOC101512001: Ca-miR1511), 
serine/threonine-protein kinase TOR (LOC101499541: Ca-miR399q/Ca-miR5029/Ca-
miR530b), CRABS CLAW-like (LOC101515488: Ca-miR6439a), CUP-SHAPED 
COTYLEDON 2 (LOC101501114 - Ca-miR164a), GIGANTEA (LOC101511540: Ca-
miR408-5p/Ca-miR9755), PINOID (LOC101491078: Ca-miR7696a-3p), transcriptional 
corepressor LEUNIG-like (LOC101501321/LOC101511674: Ca-miR166h-3p/Ca-miR9667-
5p), APETALA-2 (LOC101512375: Ca-miR172c), FLOWERING LOCUS D (LOC101490188: 
Ca-miR7990b), squamosa promoter-binding 1/9 (LOC101512968/LOC101492646: Ca-
miR156a/c/j/d/r), GAMYB-like (LOC101493616/LOC101495598: Ca-miR319a/Ca-
miR159b/c/e/f), SVP/AGL12/AGL62 (LOC101503022: Ca-miR5653, LOC101508958: Ca-
miR8740, LOC101513684/LOC101514018: Ca-miR396b-5p).  
Finally, the members of Ca-miR390 family that include Ca-miR390/a/b/a-5p/c-5p and 
Ca1-NovmiR390b were found to target leucine rich receptor-like serine/threonine-protein 
kinases (EMS1/PXC2/TDR/BAM1/BAM3/ERECTA/ERL1). These kinases were extensively 
studied for their role in anther development, ovule specification, regulation of aerial 
architecture and vascular tissue development.  (Shpak et al., 2004, Hord et al., 2006, Wang et 
al., 2013). Taken together, these results clearly indicate an active role of miRNAs in regulating 
reproductive development in chickpea. 
4.3.5 Gene and KEGG enrichment analysis 
The GO enrichment analysis of miRNA targets was performed to determine various GO terms 
associated with biological processes, molecular activity and cellular function. The AgriGo web 
server was employed for enrichment analysis with a stringent p-value cut-off (p ≤ 0.05), which 
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was adjusted using Hochberg (FDR) method. In the tolerant and sensitive genotypes, 
enrichment of 258 and 217 GO terms was observed during the SAM, 223 and 128 GO terms 
during the POF, and 234 and 273 GO terms during the YP, respectively. Of these, 54 GO terms 
were commonly enriched during all three stages in both genotypes. These GO terms were 
mainly related to primary metabolic process (GO:0044238), developmental process 
(GO:0032502), floral organ development (GO:0048437), post embryonic development 
(GO:0009791), reproductive process (GO:0022414), response to abiotic stimulus 
(GO:0009628), catalytic activity (GO:0003824), kinase activity (GO:0016301) and primary 
active transmembrane transporter activity (GO:0015399) (Appendix 6A/6F). Additionally, 
stage- and genotype-specific enrichment of GO terms was observed. During the SAM stage, 
processes such as response, response to auxin (GO:0009733) and response to jasmonic acid 
(GO:0009753) were found to be enriched in the tolerant genotype, while processes related to 
response to salicylic acid stimulus (GO:0009751), and secondary metabolic process 
(GO:0019748) were specifically enriched in the sensitive genotype. Similarly, during the POF 
stage, photoperiodism, flowering (GO:0048573), stamen development (GO:0048443), 
pollination (GO:0009856), androecium development (GO:0048466), response to heat 
(GO:0009408) and response to hormone (GO:0009725) were enriched in the tolerant genotype, 
while response to auxin (GO:0009733) and post-transcriptional gene silencing (GO:0035194) 
were specific to the sensitive genotype. Finally, during the YP stage, cellular carbohydrate 
metabolism (GO:0044262), jasmonic acid metabolism (GO:0009694), phenylpropanoid 
metabolism (GO:0009698), response to gibberellin (GO:0009739), response to abscisic acid 
(GO:0009737) were specifically enriched in the tolerant genotype, while response to 
ethylene(GO:0048467), response to auxin (GO:0009733), response to water deprivation 
(GO:0009414), response to carbohydrate (GO:0009743), plant-type cell wall biogenesis 
(GO:0009832) were specific to the sensitive genotype (Appendix 6E/6F). Additionally, few 
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GO terms showed stage-specific enrichment such as positive regulation of to abscisic acid 
stimulus (GO:0009737) and gibberellic acid mediated signalling pathway (GO:0009740) 
during the SAM stage, epigenetic regulation of gene expression (GO:0040029) during the POF 
stage and ethylene mediated signalling pathway (GO:0009873) during the YP stage (Appendix 
6A/6F). These results clearly suggest a genotype- and stage-specific expression of miRNAs 
and the regulation of their targets might play an important role during reproductive growth 
under water deficit conditions in chickpea. 
. The KEGG-based pathway analysis revealed a total of 425 genes enriched in 83 and 
62 pathways during the SAM stage, 96 and 53 pathways during the POF stage, 92 and 97 
pathways during the YP stage in the tolerant and sensitive genotypes, respectively. Of these, a 
total of 30 KEGG pathways were enriched during all three reproductive stages in both 
genotypes. Majority of the genes enriched in KEGG pathways were related to metabolic 
pathways (175), biosynthesis of secondary metabolites (102), plant hormone signal 
transduction (29), biosynthesis of amino acids (28), carbon metabolism (25), sucrose and starch 
metabolism (14), MAPK signaling pathway – plant (12), ubiquitin mediated proteolysis (10) 
and Plant-pathogen interaction (16) (Figure 4.9). Interestingly, genes related to ubiquitin 
mediated proteolysis were targeted by Ca-miR168a-5p [ubiquitin-conjugating enzyme E2 34-
like (LOC101490348)], Ca-miR5380c/Ca-miR399b/Ca-miR1863b [probable ubiquitin-
conjugating enzyme E2 23/24/25]. Finally, the genes involved in spliceosome machinery were 
found to be targeted by Ca-miR8780 [DEAD-box ATP-dependent RNA helicase 24 
(LOC101503277)], Ca-miR1862a [splicing factor 3B subunit 1 (LOC101490836)], Ca-
miR172a-5p/Ca-miR2912a/Ca-miR408d [splicing factor U2af large subunit A-like 
(LOC101504528)] and Ca-miR167b-3p [splicing factor U2af small subunit B 
(LOC101494474)].
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Figure 4.9 Bar graph illustrating the functional annotation of KEGG pathways enriched by targets of drought responsive miRNAs based on KEGG 
database 
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4.3.6 Integrated miRNA and mRNA analysis 
A z-score comparison of log2 fold change values obtained using EdgeR were used to analyse 
the expression of differentially regulated miRNA and their predicted gene targets 
(Supplementary Table 4.7). The opposing expression pattern between miRNAs and their 
targets were used to identify the correctly predicted genes. Increased expression of miRNAs 
resulted in a decrease in target gene levels. Conversely, decreased miRNA levels resulted in 
parallel increase of target gene expression. The analysis identified a total of 354 miRNA target 
pairs being oppositely regulated during the three reproductive stages in response to drought 
stress (Supplementary Table 4.7). The opposite regulation of miRNAs and their predicted 
targets were observed for a number of genes involved in abiotic and biotic stress responses. 
From here on the z-score values are mentioned with a suffix “z-score”. These include 
superoxide dismutase [Fe] (ICC283-SAM: Ca-miR167d-5p – 0.65 z-score↑; LOC101494104 
– 0.62 z-score↓), universal stress protein A-like protein (ICC8261-POF: Ca-miR2118 – 1.87 
z-score↑; LOC101495714 – 0.75 z-score↓), laccase-17 (ICC283-YP: Ca-miR397a – 2.91 z-
score↑;  LOC101509494 – 1.14 z-score↓; LOC101508639 – 1.00 z-score↓), aldehyde 
dehydrogenase family 3 member H1-like (ICC283-YP: Ca3-NovmiR17 – 1.05 z-score↓; 
LOC101510937 – 1.01 z-score↑), cation/H(+) antiporter 20-like (ICC8261-POF: Ca-
miR166g-5p – 1.81 z-score↓; LOC101496180 – 1.52 z-score↑), protein SUPPRESSOR OF 
npr1-1, CONSTITUTIVE 1-like (ICC283-POF: Ca-miR5213-5p – 1.79 z-score↓; 
LOC101497758 – 0.72 z-score↑).  
Additionally, miRNAs involved in controlling phytohormone related genes were oppositely 
regulated to their predicted targets. In tolerant genotype, up-regulation of Ca-miR167d-5p 
(SAM - 0.65 z-score↑) possibly led to down-regulation of auxin response factor 6-like 
(LOC101500671: SAM - 0.64 z-score↓) and auxin response factor 8-like (LOC101504978: 
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SAM - 0.76 z-score↓). Likewise, up-regulation of Ca-miR172c (POF – 1.62 z-score↑) in the 
sensitive genotype possibly resulted in the down-regulation of its targets: ethylene-responsive 
transcription factor RAP2-7 (POF: LOC101489539 – 1.68 z-score↓; LOC101511414 – 1.22 z-
score↓).  
MicroRNAs that regulate various reproductive processes were also oppositely 
correlated to their targets such as vegetative to reproductive phase transition [arginine N-
methyltransferase PRMT10 (ICC8261-POF: Ca-miR8675c - 0.78 z-score↑; LOC101489289 - 
0.93 z-score↓)], anther development [leucine-rich repeat receptor protein kinase EMS1 
(ICC8261-SAM: Ca-miR390b – 0.78 z-score↑; LOC101505432 – 0.60 z-score↓)], seed 
development [abscisic acid 8'-hydroxylase (ICC8261-YP: Ca-miR2912a – 1.89 z-score↓; 
LOC101490679 – 0.85 z-score↑)], and regulation of flowering-time [ubiquitin carboxyl-
terminal hydrolase 15 (ICC8261-POF: Ca-miR4411 – 1.46 z-score↓; LOC101495053 – 1.12 
z-score↑)]. 
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4.4 DISCUSSION 
In plants, microRNAs represent a class of 20 to 24 nucleotide small RNA family that act as 
central regulators of gene expression at the post transcriptional level. They were found to 
regulate various drought associated genes such as transcription factors, universal stress 
proteins, antioxidants and phytohormone related genes. Recent advances in high throughput 
sequencing technology have allowed identification of many miRNAs that are involved in 
controlling drought responsive gene expression in various plant species (Kantar et al., 2010, 
Zhou et al., 2010, Candar-Cakir et al., 2016). In chickpea, previous studies were focused on 
understanding genome wide distribution of various miRNA and other small RNA families (Jain 
et al., 2014, Srivastava et al., 2015). In the present study, high throughput sequencing 
technology was employed to understand the role of miRNAs in modulating drought responsive 
gene expression during three crucial stages of reproductive development in two chickpea 
genotypes with contrasting tolerance towards drought stress. In addition, a z-score method was 
used to perform integrated miRNA-mRNA expression analysis and identify the expression of 
potential targets and their role during different stages of reproductive development under 
drought stress.  
4.4.1 miRNA mediated regulation of transporter activity under drought 
stress 
Continuous water uptake and its distribution are critical during plants survival under drought 
stress conditions. Active transport via primary and secondary transporters (ABC superfamily) 
and passive transport via aquaporins (PIP/TIP) play a major role in translocation of water, 
nutrients and phytohormones across the biological membranes. These transporter proteins were 
also reported to be involved flower development as well as in plants response towards various 
biotic and abiotic stress conditions. For example, the PIN-formed proteins and ABCB 
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transporters are involved in polar auxin transport during early and late reproductive phases, 
while jasmonate responsive nitrate transporter (NTR1) is required for stamen development in 
Arabidopsis (Saito et al., 2015). Furthermore, Arabidopsis mutants that lack abcg22 were 
found to negatively impact drought tolerance, while aquaporins are known to control shoot 
hydraulic conductivity and plants recovery from drought stress (Parent et al., 2009, Kuromori 
et al., 2010, Postaire et al., 2010). In this study, 45 differentially expressed miRNAs that 
targeted 34 ABC transporters, 13 cation/H(+) antiporters, 13 NRT1/PTR nitrate transporters, 9 
sucrose and sugar transport proteins and 2 aquaporins were identified (Supplementary Table 
4.6). During the SAM stage, Ca-miR7716-5p (SAM; ICC 8261 – 1.45 z-score↓) that targeted 
TIP4-1 (aquaporin TIP4-1) was specifically down-regulated in the tolerant genotype, while 
Ca-miR5227 (SAM; ICC 283 - 1.02 z-score↑) that targeted KPNB1 (importin subunit β-1-like) 
was specifically up-regulated in the sensitive genotype. This may lead to the increased 
expression of their targets TIP4-1 (LOC101501169: SAM – 0.33 z-score↑) and the down-
regulation of KPNB1 protein (LOC101514483: SAM – 1.03 z-score↓) (Figure 4.10A). 
Recently, KPNB1 was found to positively regulate ABA response and drought tolerance in a 
pathway independent of ABI1 and ABI5 mediated ABA signalling (Luo et al., 2013b).  
During the POF stage in the tolerant genotype, down-regulation of Ca-miR1130 (POF; 
ICC 8261 – 1.5 z-score↓) and Ca-miR166g-5p (POF; ICC 8261 – 1.81 z-score↓) may have 
resulted in the up-regulation of ABC transporter G family member 3 ABCG3 (LOC101501850: 
POF – 0.88 z-score↑) and cation/H(+) antiporter 20-like CHX20 (LOC101496180: POF – 1.52 
z-score↑). Finally, during the YP stage, decreased expression of Ca-miR8657a (YP – 2.72 z-
score↓) in the tolerant genotype may increase the expression of ABC transporter B family 
member 21-like ABCB21-like (LOC101489402: YP – 0.70 z-score↑) (Figure 4.10A). The 
ABCB21 is a facultative importer/exporter controlling auxin concentrations in the plant cells 
(Kamimoto et al., 2012). This suggests an active auxin transport (ABCB21-like) being 
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regulated by Ca-miR8657a may play a key role in early pod development during drought stress. 
Overall, these results indicate the ABCG3, ABCB21, TIP4-1, CHX20 and KPNB1 that play a 
critical role in promoting water and solute transport during reproductive development are 
targeted by Ca-miR1130, Ca-miR8657a, Ca-miR419, Ca-miR7716-5p, Ca-miR166g-5p and 
Ca-miR5227, respectively. 
4.4.2 miRNA mediated regulation of reproductive development under 
drought stress 
4.4.2.1 Drought induced regulation of miRNAs involved in reproductive 
phase transitions, floral organ identity and development 
In plants, the timing of floral transition and normal flower development is crucial for successful 
reproduction under drought stress conditions. Development of flowers is a tightly controlled 
process, which is coordinated by a combination of external stimuli and complex gene 
regulatory networks. In chickpea, drought stress is known to severely affect the flowering time 
and normal flower development that ultimately leads to failed reproduction and decreased seed 
yield (Leport et al., 2006, Fang et al., 2009).  
During the flower development, HD-ZIPIII transcription factors like ATHB8, ATHB14, 
ATHB15, REVOLUTA are targeted by miR165/166 families. Over-expression of these 
miRNAs resulted in developmental defects in the SAM stage such as enlarged apical meristem 
as well as short and sterile carpels in Arabidopsis, rice and maize (Aukerman and Sakai, 2003, 
Zhou et al., 2007, Liu et al., 2009). In response to drought stress, Ca-miR166c-5p, Ca-
miR166d-5p, Ca-miR166e, Ca-miR166e.2, Ca-miR166g-5p, Ca-miR166h-3p/5p and Ca-
miR166i/-3p/-5p were differentially expressed during the three reproductive stages. Of these, 
Ca-miR166i was conversely regulated during the SAM stage (ICC8261 – 0.66 fold↑, ICC283 
– 0.47 fold↓).
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Figure 4.10 Putative miRNA mRNA regulatory modules involved in (A) Transporter activity, (B) Meristem development and (C) Flower 
development
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The targets of Ca-miR166i such as ATHB-14/14-like (LOC101495692, LOC101501398), 
ATHB-15 (LOC101493124) and REVOLUTA (LOC101515456) were specifically down-
regulated during the SAM in the tolerant genotype (Figure 4.10B). However, the role of 
miR166i on SAM development during drought stress has not been elucidated till date. Hence, 
understanding the regulatory role of Ca-miR166i:ATHB14/ATHB15/REVOLUTA module 
during drought stress might provide better insight into the effect of water deficiency on 
reproductive development in chickpea. 
 In Arabidopsis, a network of three miRNA families consisting of miR159, miR167 and 
miR319 control gibberellin-regulated flowering time and floral organ development (Rubio-
Somoza and Weigel, 2013). Under normal conditions, miR159 and miR319 and their targets, 
GAMYB and TCP proteins, regulate the expression of miR167 and its targets (ARF6 and 
ARF8) that control floral boundaries and floral organ development. Gibberellin-mediated 
repression of DELLA proteins activates the expression of GAMYB and miR159, which in turn 
promotes flowering (Hong and Jackson, 2015). In response to drought stress, members of the 
miR167, miR159 and miR319 families were differentially regulated in both genotypes 
(Supplementary Table 4.5). In tolerant genotype, Ca-miR167d and Ca-miR167d-5p were 
specifically up-regulated of during the SAM stage. Of these, Ca-miR167d-5p was found to 
target two auxin response factors, ARF6-like (LOC101500671: SAM – 0.54 z-score↓) and 
ARF8-like (LOC101504978: SAM – 0.66 z-score↓), which were specifically down-regulated 
during SAM stage in the tolerant genotype. Regulation of ARF6/ARF8 by miR167 is a highly 
conserved mechanism and is known to have negative effect on floral organ development as 
well as impairment of male and female organ fertility (Wu et al., 2006). Hence, we propose 
that negative regulation of ARF6/ARF8 by Ca-miR167d-5p may relate to its role in suppressing 
the early expression of ARF6/ARF8 during SAM. Supporting our hypothesis, we observed 
increased expression of ARF8 during POF (LOC101504978: POF – 0.68 fold↑) in the tolerant 
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genotype with no discernible expression of Ca-miR167d-5p (Supplementary Table 4.8). This 
result also validates our z-score method for integrated miRNA and mRNA expression analysis. 
Further, during POF, Ca-miR319q (POF: 2.13 z-score↓) was specifically down-regulated in 
the sensitive genotype, which might have resulted in the increased expression of TCP4-like 
(LOC101504111: POF – 0.41 z-score↑). Finally, Ca-miR159c that targeted two GAMYB genes 
(LOC101499054, LOC101495598) was also up-regulated (POF: ICC8261 – 1.50 fold↑) in the 
tolerant genotype (Figure 4.10C). Taken together, these results indicate regulatory networks 
comprising of Ca-miR167d-5p:ARF6/ARF8, Ca-miR319q:TCP4-like and Ca-
miR159c:GAMYB-like might play an important role in controlling reproductive transition, 
auxin and jasmonate signalling as well as ovule development in chickpea under drought stress 
conditions (Schommer et al., 2008). 
 In plants, the miR172 is known to target AP2 and AP2-like genes thus regulating 
developmental phase transitions, flowering time and floral organ identity (Zhu and Helliwell, 
2011). During the POF stage, Ca-miR172c (ICC 8261 – 0.85 z-score↓; ICC 283 – 1.62 z-
score↑) was down-regulated in the tolerant genotype but up-regulated in the sensitive 
genotype. Down-regulation of Ca-miR172c in the tolerant genotype may lead to the up-
regulation of floral homeotic APETALA 2-like (LOC101495928: POF – 1.39 z-score↑), 
whereas up-regulation of Ca-miR172c in the sensitive genotype may result in decreased 
expression of AP2-like genes such as ethylene-responsive transcription factor RAP2-7 
(LOC101489539: POF – 1.68 z-score↓; LOC101511414 – 1.22 z-score↓).  Hence, the 
genotype-specific regulation of APETALA2 and AP2-like genes by Ca-miR172c may be critical 
in maintaining/inhibiting normal reproductive phase transition and floral organ development 
during drought stress in chickpea. 
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4.4.2.2 Regulation of miRNAs associated with floral organ development 
under drought stress 
During SAM, activation of Ca-miR390b (SAM – 0.75 z-score↑) specifically in the tolerant 
genotype probably resulted in the down-regulation of its predicted target leucine-rich repeat 
receptor protein kinase EMS1 (LOC101505432: ICC8261; SAM – 0.60 z-score↓). The EMS1 
is essential for the normal maintenance of microsporogenesis and fate of reproductive cells in 
Arabidopsis (Zhao et al., 2002). In the tolerant genotype, Ca-miR390b mediated down-
regulation of EMS1 during SAM may relate to a dynamic post-transcriptional regulation to 
suppress early expression of EMS1 to maintain normal flower development under drought 
stress conditions. Supporting the hypothesis, EMS1 was specifically up-regulated during the 
POF stage (LOC101505432: ICC8261; POF – 1.00 fold↑) in the tolerant genotype with no 
discernible expression changes in Ca-miR390b (Supplementary Table 4.5). 
 During the POF stage, down-regulation of Ca-miR396h (2.63 fold↓) in the sensitive 
genotype possibly resulted in the up-regulation of four growth-regulating factor GRF genes 
(LOC101496763, LOC101500728, LOC101506120, LOC101506579) (Figure 4.11A). In 
plants, miR396 mediated regulation of GRF genes play a key role in leaf and pistil development 
(Wang et al., 2011a, Baucher et al., 2013). Hence, the up-regulation of GRF genes resulting 
due to the down-regulation of Ca-miR396h may help maintain carpel numbers and pistil 
development in the the sensitive genotype. In the tolerant genotype, down-regulation of Ca-
miR2619b-5p (POF – 0.47 z-score↓) possibly resulted in the up-regulation of callose synthase 
GSL12-like (LOC101509534: ICC8261; POF – 1.10 z-score↑) and POLLENLESS3 
(LOC101501939: ICC8261; POF – 1.17 z-score↑). Both the genes are involved in pollen 
development and maturation, which suggests that Ca-miR2619b-5p mediated activation of 
GSL12-like and POLLENLESS3 may help maintain pollen fertility during drought stress in the 
tolerant genotype (Sanders et al., 1999, Enns et al., 2005). Interestingly, these results also 
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indicate regulatory networks related to female reproductive organ development being active in 
the sensitive genotype, whereas the regulatory networks associated with male reproductive 
organ development were active in the tolerant genotype under drought stress.  
4.4.2.3 Drought induced miRNA regulation during pod development 
In plants, subtilisin-like proteases are essential for seed coat development by triggering the 
accumulation of cell-wall modifying enzymes (Rautengarten et al., 2008). In the tolerant 
genotype, Ca-miR2619b-5p and Ca-miR4411 that target three subtilisin-like protease SBT1.7 
(LOC101493089, LOC101493415, LOC101509828) were specifically down-regulated during 
the YP stage. Furthermore, down-regulation of Ca-miR166h-3p (YP - 1.01 z-score↓) during 
the YP specifically in the sensitive genotype might have resulted in the up-regulation of ABI5 
(LOC101506390: YP; ICC 283 – 1.12 z-score↑) suggesting an active ABA-mediated 
signalling that is detrimental for pod development in the sensitive genotype (Pang et al., 2016) 
(Figure 4.11B). In tolerant genotype, specific repression of Ca-miR6267a (ICC 8261; YP – 
1.71 z-score↓) during YP may have resulted in the up-regulation of NAC domain-containing 
protein 2-like (LOC101501929: ICC 8261; YP – 0.88 z-score↑) (Figure 4.11B). In 
Arabidopsis, ATAF1 is known to actively modulate plants response to abiotic stresses in an 
ABA-independent manner, which suggests alternative drought responsive pathways being 
active in tolerant genotype (Wu et al., 2009b).
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Figure 4.11 Putative miRNA mRNA regulatory modules involved in (A) Floral organ growth and (B) Pod development
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4.4.3 miRNA mediated regulation of phytohormone related genes under 
drought stress 
Phytohormones play an important role as key signalling factors during various stages of plant 
development. Their role during flower development is essential for dynamic synchronization 
of external stimuli with internal gene networks for successful reproductive growth. They are 
also known to play a critical role during plants response to various biotic and abiotic stresses 
(Fujita et al., 2006).  
4.4.3.1 ABA-related miRNAs 
During drought stress, abscisic acid (ABA) plays a major role in stress responsive signalling 
that coordinates the expression of various drought responsive genes. ABA is a derivative of 
carotenoid biosynthesis pathway (Shinozaki and Yamaguchi-Shinozaki, 2007). In this study, 
enzymes involved in ABA biosynthesis and degradation were targeted by Ca-miR167f-3p 
[abscisic-aldehyde oxidase (LOC101502933)] and Ca-miR2912a [abscisic acid 8'-hydroxylase 
1 CYP707A1 (LOC101490679)]. Of these, Ca-miR2912a was specifically down-regulated 
during YP (ICC8261 - 1.89 z-score↓) in the tolerant genotype, that may result in up-regulation 
of CYP707A1 (YP: ICC8261 - 0.94 z-score↑). A recent study in chickpea demonstrated that 
over-accumulation of ABA during drought stress is either manifested directly as abscission of 
developing pods or indirectly through the reduction of photosynthesis and energy 
accumulation, which leads to failed pod development and seed set (Pang et al., 2016). 
However, Ca-miR2912a:CYP707A1 regulatory module may play a vital role in degrading 
excessive ABA and thus maintaining normal pod development during drought stress in the 
tolerant genotype. Additionally, various components of ABA signal transduction pathway that 
include type 2 protein phosphatases (PP2Cs), SNF1-related protein kinases (SnRK2s) and 
ABA-responsive promoter elements (ABFs) were found to be targeted by multiple miRNAs 
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(Figure 4.8). Overall, these results indicate that post-transcriptional regulation of ABA 
biosynthetic and signalling genes by miRNAs is critical during reproductive development in 
chickpea. In addition, Ca-miR2912a/CYP707A1 might play an important role in regulating 
ABA accumulation and signalling during early pod development in chickpea. 
4.4.3.2 Auxin-related miRNAs 
During drought, plants show retarded growth and development as an adaptive feature to 
conserve energy and assimilate the metabolites into protective structures for coping with stress. 
Auxins (AUX) play a key role in modulating various aspects of plant growth such as root and 
leaf architecture, organ patterning and vascular development under stress conditions (Teale et 
al., 2006). In Arabidopsis, several miRNA families were identified to target various genes 
involved in auxin signalling such as miR160 (ARF10/16/17), miR167 (ARF6/8), miR390 
(TAS3-ARF2/3/4), and miR393 (transport inhibitor response 1: TIR1). In the present study, 
miRNAs such as Ca3-NovmiR016, Ca1-NovmiR71, Ca-miR156b-3p/c/f/g-3p, Ca-miR160a-
5p/b, Ca-miR167a/d/d-5p, Ca-miR1886.2, Ca-miR2111a, Ca-miR396a/b-5p, Ca-miR6439a, 
Ca-miR8026 and Ca-miR8706a were predicted to target 16 auxin response factors (ARFs). 
ARFs are an important component of AUX signalling as they are known to directly regulate 
the expression of auxin responsive genes (Teale et al., 2006). Previous research has 
demonstrated the role of miR160 and miR167 as key regulators of cross-talk between ABA 
and auxins by regulating the expression of ARFs and ultimately the plant growth under drought 
stress (Ding et al., 2013). In tolerant genotype, up-regulation of Ca-miR167d-5p (SAM – 0.74 
z-score↑) possibly resulted in the down-regulation of its target ARF6 (LOC101500671; SAM 
– 0.54 z-score↓). Additionally, Ca-miR2111a that targets ARF19 was conversely regulated 
(YP: ICC8261 – 2.48 fold↑; ICC283 – 1.66 fold↓) in both genotypes. In plants, auxins are 
perceived by the cells using transport inhibitor response 1 TIR1. During POF, Ca-miR393b-5p 
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that targeted TIR1 (LOC101503837) was conversely regulated (POF: ICC8261 – 1.02 fold↓, 
ICC283 – 1.38 fold↑) between the tolerant and sensitive genotypes. Further, over-expression 
of miR393 led to decrease in the growth of rice-seedlings after 1-day of drought treatment 
suggesting the inhibition of auxin signalling by miR393 under drought stress (Xia et al., 2012). 
Hence, tolerant-specific down-regulation of miR393b-5p during the POF may lead to 
activation of AUX signalling to maintain normal floral organ development under drought 
stress. Taken together, these results indicate drought induced regulation of Ca-miR167d-
5p:ARF and Ca-miR393b-5p:TIR1 regulatory modules in a genotype- and stage-dependent 
manner, which suggests that they actively control AUX signalling at the level of signal 
perception or transcriptional regulation during reproductive growth in chickpea. 
4.4.3.3 Gibberellin-related miRNAs 
Gibberellins (GA) are extensively studied for their role in plant growth and phase transitions 
that allow developmental progression to occur at appropriate stage depending on 
environmental conditions (Mutasa-Göttgens and Hedden, 2009). They were also known to be 
involved in cross-talk with ABA and jasmonates during plants response towards drought stress 
(Golldack et al., 2014). In the present study, Ca-miR530 was found to target gibberellin 
receptor GID1B-like (LOC101492626). During YP, Ca-miR530 (YP: ICC8261 – 2.75 fold↑, 
ICC283 – 1.25 fold↓) was up-regulated in the tolerant genotype but down-regulated in the 
sensitive genotype. The GID1B functions as a GA receptor and its suppression leads to the 
inhibition of GA-mediated signalling and it is also known to regulate seed development and 
pod elongation (Iuchi et al., 2007, Gallego-Giraldo et al., 2014). Hence, the contrasting 
regulation of the Ca-miR530:GID1B module may lead to inactivation/activation of GA-
mediated signalling and thus affect seed development and pod elongation in a genotype-
specific manner.  
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4.4.3.4 Jasmonate-related miRNAs 
Jasmonates (JA) represent a class of lipid-based metabolites that have an extensive role in plant 
growth as well as during biotic and abiotic stress responses (Riemann et al., 2015). In this 
study, various jasmonate related genes were targeted miRNAs. They include Jasmonic acid-
amido synthetase JAR1 (Ca-miR5298a: LOC101506959), JA responsive transcription factor 
MYC2 (Ca-miR5227: LOC101499336) and JAZ protein, TIFY 10A-like (Ca-miR2619b-5p: 
LOC101488350) respectively. Of these, Ca-miR5298a (SAM: ICC8261 – 1.84 fold↓) and Ca-
miR5227 (SAM: ICC283 - 1.75 fold↑) were specifically down and up-regulated in tolerant and 
sensitive genotypes during the SAM stage. Further, Ca-miR2619b-5p (YP: ICC8261 – 1.80 
fold↓) was specifically down-regulated during the YP stage in the tolerant genotype. Taken 
together, these results indicate that Ca-miR5298a and Ca-miR2619b-5p might play an 
important role in controlling jasmonate biosynthesis and signalling during SAM and YP stages 
in the tolerant genotype.  
4.4.3.5 Ethylene-related miRNAs 
Ethylene is known to be involved in regulating various cellular processes such as cell 
elongation, cell division, ripening, senescence abscission as well as stress responsive signalling 
pathways (Wang et al., 2002). The analysis of miRNAs that targeted ethylene related genes 
revealed an ethylene biosynthetic enzyme, 1-aminocyclopropane-1-carboxylate synthase 1 
ACS1 (LOC101501866) being targeted by Ca-miR396h. In sensitive genotype, decreased 
expression of Ca-miR396h (POF - 2.63 z-score↓) was observed which likely resulted in an 
increased expression of ACS1 (POF – 2.61 z-score↑). We also found other components of 
ethylene signalling being targeted by Ca-miR2912a [ethylene receptor ETR1 
(LOC101508964)], Ca-miR2590h [serine/threonine-protein kinase CTR1 (LOC101512832)], 
Ca-miR8675c [ethylene-insensitive protein 2 EIN2 (LOC101495756)] and Ca-miR156k-5p 
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[ethylene insensitive 3-like 3 protein EIN3 (LOC101514824)] (Figure 4.8). During the YP 
stage, Ca-miR2590h (ICC283: YP – 1.63 fold↑) was specifically up-regulated in the sensitive 
genotype, while Ca-miR8975c (ICC8261: YP – 3.01 fold↓, ICC283: YP – 1.30 fold↑) and Ca-
miR156k-5p (ICC8261: YP – 3.3 fold↓) were down-regulated in the tolerant genotype. Hence, 
the study proposes that contrasting expression of miRNAs that target ethylene signalling 
components may result in genotype-specific activation/inactivation of ethylene responses 
during the YP stage in the tolerant and sensitive genotypes, respectively. Taken together, these 
results suggest that drought-induced expression changes in the Ca-miR396h:ACS1 module 
during the POF and Ca-miR2590h:CTR1, Ca-miR8975c:EIN2, Ca-miR156k-3p:EIN3 modules 
during the YP stage may control ethylene signalling during floral emergence and early pod 
development in chickpea. Further investigations on these miRNAs and their targets will 
provide a better understanding of the role of ethylene during early stages of flower and pod 
development under drought stress conditions. 
4.5 CONCLUSIONS 
In conclusion, this study represents the first use of next-generation sequencing to unravel the 
post-transcriptional regulation of gene expression by miRNAs during different stages 
reproductive development in chickpea under drought stress. Here, 287 miRNAs were 
differentially expressed in treatment, genotype and stage-specific manner. Further, GO and 
KEGG analysis revealed majority of the drought-responsive miRNAs involved in response to 
abiotic stimulus, protein kinase activity, transporter activity, reproductive development, 
secondary metabolism, MAPK-signalling pathway, plant-pathogen interactions and 
phytohormone signalling pathways. The transcriptome expression dataset from previous 
experiment was used to perform integrated miRNA-mRNA expression analysis. This is the 
first study to perform integrated miRNA-mRNA analysis at different flower/pod development 
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stages in response to drought stress. The expression of differentially regulated miRNAs was 
negatively correlated with their targets during the three stages of reproductive development. 
Differential regulation of miRNAs involved in transporter activity (Ca-miR1130, Ca-
miR8657a, Ca-miR7716-5p, Ca-miR166g-5p, Ca-miR5227), meristem development (Ca-
miR172c, Ca-miR1669), floral organ development (Ca-miR390b, Ca-miR396h, Ca-
miR2619b-5p), pod development (Ca-miR2590h), ABA signalling (Ca-miR166h-3p, Ca-
miR2912a), auxin signalling (Ca-miR167d-5p) and jasmonate signalling (Ca-miR319q) 
resulted in contrasting regulation of their targets. Further, 16 novel miRNAs that are involved 
in response to ethylene stimulus, response to abiotic stimulus, reproductive development, 
kinase and transporter activities were identified (Figure 4.4A/B). The current findings will 
provide a basis for miRNA mediated post-transcriptional regulation in the drought-tolerant and 
drought-sensitive chickpea genotypes during different reproductive stages. This will help in 
further exploitation of ideal miRNA candidates for the development of high-yielding chickpea 
cultivars with enhanced tolerance to drought stress. 
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5 CHAPTER 5: Summary, conclusions and future directions 
5.1 Summary 
In chapter 1, I reviewed the current state of knowledge about chickpea and the adverse effects 
of drought stress on its productivity. The review focussed on previous efforts to identify 
potential traits for drought tolerance and the use of molecular breeding for improving drought 
tolerance in chickpea. Further, the review was aimed at understanding the current knowledge 
on molecular mechanisms that are involved in drought tolerance as well as post-transcriptional 
regulation of microRNAs and their potential role in improving drought tolerance. Finally, it 
was focussed on advent of whole genome sequencing and the current use of high-throughput 
transcriptomics to decipher molecular mechanisms underlying drought tolerance in chickpea. 
A key finding was the presence of complex regulatory and functional gene networks that are 
involved in controlling drought stress tolerance in plants. The review also indicated a key role 
of microRNAs in regulation of the genes that are involved in drought stress tolerance. 
However, most of the current studies were focussed on understanding the drought responsive 
mechanisms based on one specific tissue in one genotype at a single stage of plant 
development. Since, plants stress responses are complex and drastically change during 
different stages of plant development, it is essential to understand their regulation in tissue-, 
genotype- and stage-specific manner. This will provide a better understanding of complex 
responses and will unravel novel gene or gene networks that can be potentially exploited to 
improve drought tolerance in chickpea. 
Hence, the major focus of my current study was to employ high-throughput 
transcriptomics to understand the regulation of drought-responsive genes or pathways in the 
roots and reproductive tissues during different developmental stages. Further, the study was 
also focussed on deciphering the role of miRNAs in the post-transcriptional regulation of 
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drought responsive genes or pathways during reproductive development under drought stress.  
5.2 Conclusions 
The current study has provided a clear insight on the regulation of various drought responsive 
genes or pathways in the roots and reproductive tissues during multiple developmental stages. 
It has also provided insights into the potential role of miRNAs in regulating the genes involved 
in drought tolerance during reproductive development under drought stress. Further validation 
studies based on over-expression or CRISPR-Cas9 targeted gene editing are essential to 
identify the definitive role of these potential genes or miRNAs. However, the study has 
generated sufficient information to formulate hypotheses concerning drought stress tolerance 
mechanisms, which can be validated in future studies. The hypotheses for drought responsive 
genes or pathways in the roots, reproductive tissues and the regulation of miRNAs are 
discussed separately. 
5.2.1 Gene or gene networks involved in drought stress tolerance of roots 
In Chapter 2, the focus of the study was to employ high-throughput transcriptomics and 
understand the genome-wide regulation of drought-responsive genes or pathways in the roots 
tissues during three stages of plant development. To achieve this, a physiology experiment was 
performed using two genotypes with contrasting tolerance to drought stress [drought tolerant 
(ICC 8261), drought sensitive (ICC 283)]. It was a randomized block design with 3 time-points 
(30, 50 and 70 days after sowing), 2 genotypes (ICC 8261 and ICC 283) and 2 treatments (well-
watered and drought-stressed). Multiple physiological parameters were measured to 
understand the phenotypic differences exhibited by the two genotypes in response to drought 
stress (Figure 2.1, Page 55). Then high-throughput sequencing was performed and after data 
analysis, stringent selection criteria [(p-value ≤ 0.001, FDR ≤ 0.05, log2 fold change ≥ +1.0 
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and ≤ -1.0)] were employed for identifying differentially expressed genes. It was followed by 
GO and KEGG analysis to decipher various gene or gene networks that were regulated during 
the three developmental stages in response to drought stress. 
 
The different genes/mechanisms that may possibly contribute to the root traits for drought 
tolerance are: 
 
Transcriptional regulation of root growth under drought stress: Drought-responsive 
transcription factors are known to play a vital role in regulating cellular mechanisms important 
for drought stress tolerance. Genotype- and stage-specific activation of AP2/ERF (ERF1, 
ERF13, ERF113), bHLH (VIP1, bHLH18), bZIP (ABI5), C2C2-Dof (CDF2, CDF3-like), 
DREB1A, DREB1B-like, MYB (MYB46, MYB114-like), WRKY33 and RVE7 transcription 
factors in tolerant genotype might be essential to positively regulate drought-responsive 
molecular mechanisms in chickpea (Section 2.3.5). 
 
Protein phosphorylation mediated by kinases: In plants, protein kinases play a critical role in 
regulating stress responsive signalling pathways by the dynamic phosphorylation of target 
proteins. In the roots of tolerant genotype, specific activation of drought and ABA responsive 
protein kinases such as MAPK (MEKK1), CDPK (CPK3), RLK (PERK4, HSL2) and CIPK 
(CIPK1-like) suggests their potential role in controlling root development during drought stress 
(Section 2.3.6). 
 
Detoxification systems for drought tolerance: Scavenging or detoxification of excess ROS 
species by detoxification systems is crucial for normal functioning of plant cells under drought 
stress. Therefore, tolerant-specific activation of glutathione S-transferases (GST, GST-L1-like, 
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DHAR3) and genotype-specific activation and repression of peroxidases (PER47, PER72-like) 
might play a key role in tolerance and susceptibility of both genotypes (Section 2.3.7). 
 
ROS signalling: ROS production via NADPH oxidases (RBOHs) acts a signalling interface 
during drought stress to regulate metabolism and cellular energy balance by integrating with 
ABA. In tolerant genotype, the repression of RBOHD and RBOHH during VS might lead to 
the inhibition of ABA-dependent ROS signalling allowing increased root growth under drought 
stress (Section 2.3.7). 
 
Transport facilitation: Genes that control dynamic intra- and inter-cellular transport of solutes 
are known to play an active role in enhancing drought stress tolerance in plants. Therefore, 
tolerant-specific activation of ABC transporters (ABCB19, ABCB12-like, ABCB15-like, 
ABCG22-like) and aquaporins (PIP2-1, TIP2-2) during VS and RS might suggest their active 
role in solute transport and maintenance root hydraulic conductivity during drought stress 
(Section 2.3.8). 
 
Early nodulation under drought stress: Increased symbiotic nitrogen fixation is essential for 
maintaining reduced leaf senescence and enhance drought stress tolerance. In tolerant 
genotype, early activation of nodulation related kinases LYK3 and CLAVATA1 might result in 
increased root nodulation and nitrogen assimilation under drought stress (Section 2.3.9). 
 
Oxylipin biosynthesis: A strong and early activation of oxylipin biosynthesis and JA 
accumulation was known to enhance drought tolerance in chickpea. We observed genotype-
specific activation of LOX and AOC3 genes during vegetative and reproductive stages in 
tolerant genotype indicating their active role in root development during drought stress (Section 
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2.3.10.6). 
 
Early promotion of root growth: An increased root growth during vegetative stage (VS) is 
known to be an important root trait for drought tolerance in chickpea. In tolerant genotype, it 
is possibly facilitated by the degradation of excessive ABA by the genotype-specific activation 
of abscisic acid 8-hydroxylase-3 like (CYP707A3) and inhibition of ABA signalling by 
increased repression of ABA receptor PYL4 (Figure 2.11). In sensitive genotype, a comparative 
reduction in root growth might be related to the decreased local auxin biosynthesis due to 
genotype-specific repression of auxin biosynthetic enzyme YUCCA2 (Figure 2.9).  
 
ABA, and Cytokinin regulates Auxin transport and root growth during reproductive stage (RS): 
Conservative water use without significant variation of root growth components during 
reproductive stages is considered as an important trait for drought tolerance in chickpea. In 
tolerant genotype, marginal increase in root growth (root length, root surface area) observed 
during reproductive stage (RS) might be associated with activation of ABA, cytokinin 
signalling pathways. It was observed by genotype-specific activation of NCED3, PYL4, IPT5 
and AHP4 in tolerant genotype. This might further lead to the inhibition of auxin transport 
observed as repression of PIN genes that regulate root growth (Figure 2.12). 
5.2.2 Gene or gene networks involved in drought stress tolerance during 
reproductive development 
In chapter 2, significant transcriptome changes of drought responsive gene networks were 
observed during reproductive transition (RTS) and reproductive stages (RS) in both tolerant 
and sensitive genotypes. This finding led to the development of a new hypothesis, where 
significant transcriptome reprogramming during reproductive stages might be associated with 
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the onset of flowering and pod development under drought stress. Hence, the focus of chapter 
3 was to decipher the genome-wide transcriptome responses during five important stages of 
reproductive development that include shoot apical meristem (SAM), Flower bud (FB), 
Partially opened flower (POF), fully opened flower (FOF) and young pod (YP) respectively. 
Before sequencing, a physiology experiment was performed using drought tolerant (ICC 8261), 
drought sensitive (ICC 283). It was randomized block design with 5 stages, 2 genotypes and 2 
treatments. After sequencing and data analysis, differentially expressed genes were selected 
based on the following statistical criteria [(p-value ≤ 0.001, FDR ≤ 0.05, log2 fold change ≥ 
+1.0 and ≤ -1.0)]. It was followed by GO, KEGG enrichment analysis and protein-protein 
network analysis based on STRING 10 database to uncover drought-responsive genes or gene 
networks during reproductive development under drought stress. 
 
The different genes/mechanisms that may possibly contribute to the normal reproductive 
development during drought stress are: 
 
Kinase activity: Active phosphorylation of protein targets by kinases is essential for flower 
development and drought stress tolerance. Genotype-specific activation of kinases belonging 
to MAPK (NPK1, YODA), CBP-CIPK-PP2C, CDPK (CPK17), SUB (SUB3, SUB5) and PRK 
(PRK1, PRK3, PRK4) families in tolerant genotype might enhance drought tolerance and helps 
maintain normal floral organ growth, pollen and ovule development under drought stress 
(Section 3.3.4). 
 
Transcriptional regulation during reproductive development under drought stress: 
Transcription factors are the major regulators developmental and stress responsive cellular 
responses and activates the genes that function in drought tolerance and reproductive 
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development. Therefore, genotype-specific activation of NAC (NAC029), bZIP 
(PERIANTHIA) and repression of CRABSCLAW might positively and negatively regulate 
flower and pod development in tolerant and sensitive genotype under drought stress (Section 
3.3.5). 
 
Regulation of MADS-box genes during drought stress: Members of MADS-box family form 
the major components of reproductive development in plants. In tolerant genotype, increased 
activation of AGL65, AGL80 and AGL104 during multiple reproductive stages might positively 
regulate pollen and seed development under drought stress (Section 3.3.7). 
 
Activation of pollen related genes: In plants, pollen development is highly vulnerable to 
drought stress which is manifested as pollen sterility and failed pollination. Tolerant-specific 
activation pollen-related genes (β-fructofuranosidases, ACOS5, CYP703A2, CYP704B1, 
FAR2, ABCG26 and CalS5) might potentially contribute to the normal pollen development and 
fertility during drought stress (Section 3.3.8). 
 
Carbon assimilation during pod development under drought stress: Carbohydrate deprivation 
due to decreased photosynthesis is implicated with increased pod abortion during drought 
stress. Tolerant-specific activation of EXORDIUM genes and sensitive-specific repression of 
sucrose transport (SWEET3) might play a key role in facilitating/inhibiting carbon assimilation 
and normal pod development during drought stress (Section 3.3.9). 
 
Circadian clock function: Genes associated with circadian clock function control flowering 
time and plants response to abiotic stress conditions. Therefore, genotype-specific activation 
(LHY) and repression (ELF4) of circadian clock genes might will have positive or negative 
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impact on flowering time and drought-responsive signalling in tolerant and sensitive genotypes 
respectively (Section 3.3.10). 
 
Auxin, Gibberellins, Cytokinins and Jasmonates regulate the flower development under 
drought stress: AUX, GA, CK and JA are known for their role in multitude of flower 
developmental processes such as meristem identity, floral organ development, stamen growth, 
fertility and seed development. During FB, POF and FOF stages, tolerant-specific activation 
of AUX1, ARF2, XTH22, PID, CKX1, CKX3, AHK1, CO11, LOX2.1-1, TIFY-6B, MYB24 and 
sensitive-specific repression of GA20ox2, RHT1, GASA1, GASA4, LOX2.1-2, TIFY-10A, 
MYB21 might play a key role in maintaining/disrupting normal flower development under 
drought stress (Section 3.3.6.1/3.3.6.2/3.3.6.4/3.3.6.5). 
 
ABA-dependent and –independent pathways regulate pod development under drought stress: 
Drought induced accumulation of ABA has detrimental affect on pod development and seed 
set in chickpea. During early pod development, tolerant-specific activation of ABA-
independent (DREB1A) stress signalling and sensitive-specific activation of ABA-dependent 
(NCED1, AB15, RD29B) signalling might form the molecular basis to help reduce pod abortion 
during drought stress (Section 3.3.6.3/3.3.9).  
5.2.3 MicroRNAs involved in drought stress tolerance during reproductive 
development  
In plants, previous research has demonstrated the critical role of miRNAs during reproductive 
transition, flower and seed development. In chickpea, drought stress is known to severely 
impact floral transition, flower and pod development. Hence, we hypothesized that miRNAs 
might play an active role in the regulation of drought responsive gene expression during shoot 
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apical meristem (SAM), partially opened flower (POF) and young pod (YP) under drought 
stress. To understand their role, small RNA sequencing was performed during the three stages 
(SAM, POF, YP) from the same tissue that was used for transcriptome sequencing in chapter 
3. This allowed us to perform integrated miRNA mRNA expression analysis to identify 
potential regulatory modules that might help maintain normal reproductive development under 
drought stress. As a result, 406 conserved miRNAs belonging to 235 miRNA families as well 
as 16 novel miRNAs were identified. The novel miRNAs mainly targeted genes that are 
involved in biological regulation, ethylene signalling and reproductive structure development. 
In response to drought stress, 42 (SAM), 49 (POF) and 55 (YP) miRNAs were differentially 
regulated in the tolerant genotype, whilst 20 (SAM), 30 (POF) and 42 (YP) miRNAs were 
differentially expressed in the sensitive genotype. Further, integrated miRNA mRNA 
expression analysis revealed multiple regulatory pathways involved in reproductive 
development, stress responses and phytohormone signalling under drought stress. 
 
Various miRNA mRNA regulatory networks that may possibly be involved in the maintenance 
of reproductive development under drought stress are: 
 
Transport facilitation: Active transport of solutes is essential to maintain cellular homeostasis 
and normal functioning of cells under drought stress. Therefore, Ca-miR8657a, Ca-miR7716-
5p, Ca-miR166g-5p mediated activation of ABCB21-like, TIP4-1 and CHX20 in tolerant 
genotype and Ca-miR5227 mediated repression of KPNB1 in sensitive genotype may confer 
tolerance/susceptibility to both genotypes during drought stress (Section 4.4.1). 
 
Reproductive transition and flower development: MicroRNAs are known to control multiple 
aspects of flower development such as SAM initiation, floral organ identity, flowering time 
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and floral organ development. Therefore, drought induced expression changes of putative 
regulatory modules: Ca-miR166i:ATHB14/ATHB15/REVOLUTA, miR167d-5p:ARF6/ARF8, 
Ca-miR319q:TCP4-like, Ca-miR159c:GAMYB-like and Ca-miR172c:APETALA2/AP2-like 
suggests their important role in controlling early reproductive development in chickpea 
(Section 4.4.2.1). 
 
 Floral organ development: During drought stress, one of the factors contributing to reduced 
seed yield is flower abortion due to improper development of male and female reproductive 
organs. Hence, active regulation of EMS1, GRF, GSL2-like and POLLENLESS3 genes 
mediated by Ca-miR390b, Ca-miR396h and Ca-miR2619b-5p may play an important role in 
normal floral organ development under drought stress (Section 4.4.2.2). 
 
Pod development: Drought induced ABA accumulation is considered as the important factors 
for pod abortion which leads to reduced seed yield in chickpea. Therefore, activation of ABA 
signalling (Ca-miR166h-3p:ABI5) during drought stress might be detrimental for pod 
development in sensitive genotype (Section 4.4.2.3). 
 
Phytohormone signalling: Phytohormones play a key role in various aspects of reproductive 
development and their regulation in response to drought stress will provide key insights into 
the plants adaption to stress conditions. Hence, altered expression of putative regulatory 
modules: Ca-miR2912a:CYP707A1, Ca-miR6267a:ATAF1, Ca-miR167d-5p:ARF, Ca-
miR393b-5p:TIR1, Ca-miR530:GID1B, Ca-miR5227:MYC2, Ca-miR2619b-5p:TIFY10A and 
Ca-miR396h:ACS1 indicate the important the role of miRNAs in regulating ABA, AUX, GA, 
JA and ethylene signalling during reproductive development under drought stress (Section 
4.4.3). 
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5.3 Future directions 
In summary, the results of this thesis have enhanced the current body of knowledge regarding 
drought stress tolerance in chickpea. The limited understanding of genes or gene networks 
controlling drought stress responses in roots and reproductive tissues has been improved 
through the identification of candidate genes and synthesis of molecular mechanisms 
controlling root and reproductive development under drought stress. Further, identification of 
miRNA mRNA regulatory modules has provided better understanding of their role in 
maintaining normal reproductive development in response to drought stress. Combining the 
data from the current study with the existing data will help in building gene network and 
interaction maps. They can be used to understand the complexity of abiotic and biotic responses 
in chickpea and identify potential molecular pathways involved in multiple stresses. Further, 
mapping of candidate genes identified in the present study with drought related QTLs will 
strengthen their association with drought stress tolerance. Further, screening for natural genetic 
variations of the potential candidate genes using genome-wide association studies (GWAS), 
might help in understanding their association with drought-related phenotypic traits in 
chickpea. Finally, functional analyses of potential gene and miRNA candidates using 
transgenic over-expression or CRISPR-Cas9 gene editing will provide a basis for their 
successful exploitation to improve drought tolerance in chickpea.
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7 APPENDIX 
Figure 7.1 Appendix 1A/1E Bar graphs representing highly enriched GO terms during VS, RTS and RS in tolerant and sensitive genotypes 
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Figure 7.2 Appendix 2A/2J Bar graphs representing highly enriched GO terms during SAM, FB, POF, FOF and YP in tolerant and 
sensitive genotypes 
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Figure 7.3 Appendix 3 Bar graph illustrating the distribution of drought responsive TF families during different reproductive stages in tolerant and 
sensitive genotypes  
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Figure 7.4 Appendix 4  Phylogenetic tree of MADS-box genes from chickpea and Arabidopsis 
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Figure 7.5 Appendix 5 Graph representing length distribution of small RNAs as seen in all 36 libraries 
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Figure 7.6 Appendix 6A/6F  Bar graphs representing highly enriched GO terms during SAM, POF and YP in ICC 8261 and ICC 283 
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Figure 7.7 Appendix 7 Structures of 16 putative novel miRNA precursors 
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